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AMP; adenosine monophosphate 
ATG; autophagy-related 
ATP; adenosine triphosphate 
APS; ammonium peroxodisulfate 
CC; coiled-coil 
CFP; cyan fluorescent protein 
COG; conserved oligomeric Golgi 
Cvt; cytoplasm to vacuole targeting 
DNA; deoxyribonucleic acid 
dNTP; deoxyribonucleotide triphosphate 
EDTA; ethylenediaminetetraacetic acid 
ER; endoplasmic reticulum 
GARP; Golgi-associated retrograde protein 
GDP; guanosine diphosphate 
GEF; guanosine nucleotide exchange 
GFP; green fluorescent protein 
GTP; guanosine triphosphate 
HA; haemaglutinin 
HOG; high-osmolarity glycerol 
HPLC; high-performance liquid chromatography 
IgG; immunoglobulin G 
MES; 2-(N-morpholino)ethanesulfonic acid 
mRNA; messenger ribonucleic acid 
NSiA; nitrogen starvation-induced autophagy 
OD; optical density 
ORF; open reading frame 
PAGE; polyacrylamide gel electrophoresis 
PAS; pre-autophagosomal structure 
PCR; polymerase chain reaction 
 4 
PE; phosphatidylethanolamine 
PEG; polyethylene glycol 
PKA; protein kinase A 
PMSF; phenylmethylsulfonyl fluoride 
PSiA; phosphate starvation-induced autophagy 
PVDF; polyvinylidene difluoride 
rAPase; repressible acid phosphatase 
RNA; ribonucleic acid 
SDS; sodium dodecyl sulfate 
SNARE; soluble N-ethylmaleimide-sensitive factor attachment protein receptor 
TCA; trichloroacetic acid 
TEMED; N,N,N',N'-tetramethylethylenediamine 
TORC1; target of rapamycin complex 1 
TRAPP; transport protein particle 
Tris; tris(hydroxymethyl)aminomethane 
UAS; upstream activation site 











































hʞL˶˽$H10Þ̄4ďG˯>IHǬǦ0Ḧ́Fujiwara et al., 2015; Hase 









ɼ4EHÞþȭ̈́ iwZˡCUWt32 5ͅéˀ1}fd0˺ʯ$Ḧ́ Fig. 
1 ͅ5ǬǦ6ɾʙˡƖéḼ̂Ɵɇ4éˀ$H1Ȯƃ0GvZUo{N
c1Bĝ7Iéˀȸȭ5àîȹL˶"/ˤ"*ǝ̽ɼLʵ1Fǝ̻̽̾4




ȏʙ̈ɼ5ñ̿ȭˡLȏʙ:˫˳$H Cytoplasm to vacuole targeting̈́Cvtͅʁ˥L6
#Amitophagÿ́o^pO ͅpexophagÿ́UXbh ͅribophagÿ́
h ͅERphagÿ́ Řʙ¿ ͅnucleophagÿ́ ǟͅǅF43-/Ḧ́Kim et al., 
1997; Hutchins et al., 1999; Kraft et al., 2008; Kanki et al., 2009; Mochida et al., 2015 ͅ
Ģ¢̺0B mitophagyL6#AiwZˡ5å̧¿Lŕ˙1"* aggrephagyɃĈ









µ1"/ūîȹ!I/Ḧ́Takeshige et al., 1992; Shirahama et al., 1996 ͅUo
{Ncˍŗ6b[q¸˾ʁ˥4E-/ĉŐ4ïſ!I/Gɦɼ̻̾06 Target 
of rapamycin complex 1̈́ TORC1ͅf`bq1"/Uo{NcȈƉL
ïſ$H1ɑFI/Ḧ́Noda and Ohsumi, 1998 ͅUo{NcǭưǞ6̌
ȷǞ1Ǹ˩"/ɦɼ̻̾ǒµ4/Ǳ4ǆ¥Í¿ɾʙ06ʙńŶƖʚ1ɾ
ʙéÿǭư5ʲȴįLə$1ǅF43-/Ḧ́Tsukada and Ohsumi, 1993 ͅ
(5Ĉĩ1"/ɦɼ̻̾06EGĿ3Uo{N_hŶƖ!I/ɾʙˡƖé
5éˀLÈ"ȶĸFÄʃ03Oủ325̘±˓ȭLéˀȸȭ0ʵ
1ʔFI/Ḧ́Onodera and Ohsumi, 2005; Xie et al., 2008 ͅȣɼ̻̾̈́[^
d̻̾ 0ͅBUo{Nc6ˍŗ!IHUo{NcȈƉ1"/6ɦɼ̻̾
EGB¾̈́Takeshige et al., 1992 ͅ[^d6ˀɷɸ4EH ATPȷȸ4ƅʹ0
H1F[^d̻̾06ɾʙÞ5 ATP ̍C ATP FēƖ!IHȶȯ AMP
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̈́cAMP̍ͅ5¾ʔFIHcAMP ÅŅɇ3b[q¸˾Xqg1"/ PKA
̈́protein kinase Aͅ1 Sch9ɑFI/G5 2.5XqgB TORC1̭ÅŅɇ
4Uo{NcˍŗLïſ$H1F[^d̻̾ǈ5Uo{Ncˍŗ4
̙$H1ʔFIḦ́Toda et al., 1988; Tamaki, 2007; Yorimitsu et al., 2007 ͅ
>*̭ Ɇ̈Ɖ5¢̉Ląȣɼț1"*őǝ̽ıĮ̈́ YPLacıĮ ͅFǋŘıĮ̈́ SLac
ı Į ͅ : ̈ Ƕ ɾ ʙ L ɠ $  1 0 B U  o { N c  6 ˍ ŗ ! I 
non-nitrogen-starvation-induced autophagÿ́NNSUo{Ncͅ1ĕɟ°FI*
̈́Wu and Tu, 2011 ͅ5 NNSUo{Nc5ˍŗ6kUrCbdmQ32
5ɖ̓ėǌOủ5ȓø0̛ō!IH1Fɖ̓ėǌÿēȭUo{Ncˍ












phosphate starvation-induced autophagy 4ͅɏɊ"/ɓɥ4ďGʀ?ɪɨ06 PSiA
ˍŗ1̉±˓ɸ15̙˹Ɖ4./ˑ;*>*ɪ¥ɨ06ɦɼ̻̾ˍŗƉU






















ǯ$H1ɑFI/Ḧ́De Virgilio, 2012 ͅ(5*AȶĸȥǬ̉5ďG˯
?ʚ÷Lïſ$HǬǦC͂̉ǒµǈ4̉L˞ʪ"/ƅʹǈ4±˓:îȹ$H
ïſǬǦƅʹ13H 
 èʥ̈Ƕ S. cerevisiae 4/ȥǬ̉5ƒɑCȲž˞ʪ32Lơ̉
±˓̙˹ĩń5˧á64 phosphate-responsive signaling pathwaÿ́PHOʁ˥ͅ4





IH""ȶĸ5̉ȡŭ¾$H1Pho85 5̛ōĩń Pho81 
Pho80-Pho85 ʷē¿5XqgȈƉL̛ō$H10 Pho4 5̉ÿE9ǟĽ:
5˫˳L̚Ĕ#˧áȈƉÿĩń Pho21Ąˑ"/̉±˓̙˹ĩń5˧áȈ
Ɖÿ!IH5 PHOʁ˥5ïſ4H̉±˓̙˹ĩń46͂ʾğƉ̉o
di0H Pho84 C Pho89̉Ɖd{Nig Pho5 COVƉd





ʂē!&*̉1"/ȏʙÞ4˞ʪ$H1ɑFI/Ḧ́ Urech et al., 1978; 
Wood and Clark, 1988 ͅ5ȏʙÞ̉4E-/ȶĸ5̉țǙȕ"/
BɾʙˡÞ̉ȡŭLŉ4Ê.10ɾʙěǍ 2Ǎ̘é6ȷʗLʇƤ$H
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10Ḧ́Shirahama et al., 1996 ͅ5ȏʙÞ̉6ȏʙʞ×0 4.5i
wZˡF3H̉odiʷē¿̈́ Vtc1-Vtc2-Vtc3-Vtc4 4ͅE-/ēƖ!
I(5Âȹǈ46ȏʙÞ4śĭ$HTpį̉éˀ̈ɼ Ppn1̉
Lɒą½4éˀ$H1ʔFI/Ḧ́ Ogawa et al., 2000; Sethuraman et al., 2001 ͅ
>*ȴĭĔŉ!I/H¾ʾğƉ̉odi5,ȏʙʞ×4śĭ$
H Pho91 ȏʙÞ5ȥǬ̉Lɾʙˡ:ƫè$HǬʚLƤ.1ĳĚ!I/




























2 ŋ̀ǑƾE9ǁȂ  
 
2-1 ÂȹʧǞ 




 Ȯ4ʲ˅5ȥ̞GğÚɺʫ̈́ Ǟ 5ͅȮɻˊʫL́ ŊUoZ|çȵ̈́ 121°C








͇̈́ͅYPD ıĮ͑1% Bacto yeast extracẗ́ǂǐZonPlXhͅ, 2% 
polypepton, 2% glucose 
͈̈́ͅYPD+G418ıĮ͑̈́ ͇ͅ4 200 µg/mL G418̈́Sigma-AldrichͅLȓø"*B5 
͉̈́ YͅPD+clonNATıĮ͇͑̈́ 4ͅ100 µg/mL Nourseothricin̈́ WERNER BioAgents, Jena, 
GermanyͅLȓø"*B5 
̈́͊ͅSC̈́synthetic completeͅıĮ 
0͑.17% yeast nitrogen base without amino acid and ammonium sulfatë́ Formedium, 
Norfolk, UKͅ, 0.5% ammonium sulfate, amino acid̈́0.002% Arg, 0.01% Asp, 
0.01% Glu, 0.008% Ile, 0.002% Met, 0.005% Phe, 0.04% Ser, 0.02% Thr, 0.06% 
Tyr, 0.015% Val ,ͅ 2% glucosë́ Âȹ$Hǒµ4ēK&/ 0.002% Ura, 0.002% Ade, 
0.002% Trp, 0.001% Leu, 0.002% His, 0.012% LysLȓø"/ SCıĮ1"*ͅ 
̈́͋ͅSD̈́synthetic dextroseͅıĮ 
͑0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5% 
ammonium sulfate, 2% glucose 
̈́͌ͅSDNıĮ͑0.17% yeast nitrogen base without amino acids and ammonium 
sulfate, 2% glucose 
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͍̈́ͅSDCıĮ͑0.17% yeast nitrogen base without amino acids and ammonium 
sulfate, 0.5% ammonium sulfate 
͎̈́ͅSDP ıĮ͑0.57% yeast nitrogen base without amino acids and phosphate
̈́Formedium, Norfolk, UKͅ , 0.056% potassium chloride, 2% 
glucose 
̈́͏ 2ͅ×YT+ampıĮ͑ 1.6% Bacto trypton̈́ ǂǐZonPlXh ,ͅ 1% Bacto 
yeast extract, 0.5% NaCl, 50 mg/mL ampicillin 




 ǐɓɥ4ȹ*}dp6 Table 24ə"* 
 
2-4-1 Ŀʝʧ5Ŷˡ˧Ư 
 ʀƯ}dp5ďž46 Escherichia coli DH5α̈́supE44, lacU169, hsdR17, 
girA96, thi-1, relA1ͅLȹ*Ŀʝʧ5^zmof5ÁʶE9Ŷˡ˧ƯƳÁ
6 InoueF5ǁȂ4Ž-/ʯ-*̈́ Inoue et al., 1990 ͅ$3K,-80°C0ÊŅ"/*
Ŀʝʧ5^zmofLʮˀ"}dp DNAȝȏ 0.5~1.0 µLLø*ǻ
4 30é̘ƶʏ"*5,42°C0 30ɞ̘xoblZLà9ǻ4Ƙ"/ 5
é̘ƶʏ"*5ȝȏL LB+ampŒŀıĮ4ĵţ"37°C0ǉı̽"* 
 
2-4-2 OV-SDSȂ4EH}dp DNA5ˑʶ 
 }dp DNA 5ˑʶ6OV-SDS Ȃ0ʯ-*LB+amp ŒŀıĮ0ȷʗ"
*Ŀʝʧ5 1^rL 2 mL5 2×YT+ampȏ¿ıĮ4Ǣʧ"37°C0 12~16ǈ̘Ƨ
1ı̽"*ı̽ȏL 1.5 mLŎ`}k|4ɠ"20,400 × g0 1é̘̀Ƅ
"*ż×ȔLďG̠ʧ¿L 100 µL5 Solution	 2.5 mM Tris-HCl, pH 8.0, 10 mM 
EDTA, 50 mM glucose 4ͅƕȠ"*Ǯ4 200 µL5 Solution̈́ 0.2N NaOH, 1%̈́ w/vͅ
SDSͅLø/ɤC4Ȓğ"ǻ0 3é̘ƶʏ"*I4 150 µL5 Solution
̈́3 M potassium acetate, 11.5% glacial acetate Lͅø/ȟ"ƱƢ"/F150 µL
5 10 M ammonium acetateLø/EȒ'*(5ż4°C20,400 × g0 5é̘
̀Ƅż×Ȕ 600 µLLǀ" 1.5 mLŎ`}k|4ɠ"600 µL5 2-}w
uLø/̀Ƅż×ȔLďG̠*("/ 600 µL5 80% Tiu0ȆȊ
"̀ Ƅ"/ 80%TiuLďG̠loL£Ȫ!&*ż4 20 µL/mL RNase A
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Lė@ 100 µL5 TË́10 mM Tris-HCl, pH 8.0, 1 mM Na2EDTAͅ4ȝˀ!&/}d
p DNAȝȏ1"*žFI*}dp6́ŵ3ï̞̈ɼ0çȵ"*5,0.8%O




 ̈Ƕ5Ŷˡ˧Ư6 AmbergF̈́2005ͅ4Ž-/ʯ-*ʧǞL YPDŒŀıĮ4Ǣʧ
"/ 30°C0 2~3ǂ̘ȷʗ!&*ż(5b[^rLȫǤǘ0ďG5 mL
5 YPD ȏ¿ıĮ4ƕȠ"/ 30°C 0ǉı̽"ñı̽ȏ1"*ñı̽ȏ5ʧ¿ȡŭ
LȚŉ"10 mL5 YPDȏ¿ıĮ4 OD600  0.1>*6 0.443HE4ñı̽ȏL
ǢʅOD600 = 1.0 ~ 1.513H>0 30°C0ı̽"*̈́(I)I 7ǈ̘4ǈ̘ɡ
ŭ ͅ(5żı̽ȏL 15 mLŎ^rVk|4ɠ"600 × g0 2é̘̀Ƅ"/ʧ
¿LĨĎ"*ı̽×ȔLƩ/1 mL5ȞʧǺ4ƕȠ"*ż1.5 mLŎ`}k
|4ɠ"2,300 × g0 1é̘̀Ƅ"à9̧ʧLʯ-*ȞʧǺL̠Ċ"*ż160 
µL5 50%̈́w/vͅpolyethylene glycol̈́Sigma-Aldrich ͅ40 µL5 1 M lithium acetate
̈́Sigma-Aldrich ͅ10 µL5 2 mg/mL`\ɶń DNÄ́Sigma-Aldrich, Âȹñ4 5é̘
ȧȀ"ǻ0ƈâ"*B5LÂȹͅLømlZdX`0EƱƢ"/ʧ
¿LƕȠ"*(5żƕȠȏL 2.5ǀ" 1.5 mLŎ`}k|4ă̍%.é
ȃ"ǁ4 1 µL5}dp DNALBǁ6tWmP|^o1"/ 1 
µL5ȞʧǺLøƱƢ"/Ŷˡ˧Ưȝȏ1"*čƆȝȏL 30°C0 30é̘QX
o!&*ż42°C 0 20 é̘xoblZ!&*čƆżŶˡ˧ƯȝȏL





 YHY36Ǟ̈́MATα ura3∆ͅ6èʥ̈Ƕ BY4742Ǟ̈́MATα ura3∆0 leu2∆0 his3∆1 
lys2∆0 5ͅ leu2∆0, his3∆1, lys2∆0OL(I)I LEU2, HIS3, LYS2Lė@ DNAƿ
Ȭ0ʏƯ$H14E-/Ȳž"*IF5 DNAƿȬ6 PCRȂ0ž*PCRȂ0
ȹ*U_sZUkp}Q5ēƖ6{PcSuZdǞů·ɚ4





 Ŷˡ˧Ư4ȹ* DNAƿȬ6̂ƟV̃¸ń5̗Ł^pF×ȉ 400~600 
bp5̆ëB"6ɿǯ^pFȉ 400~600 bp5̆ë1ɌĔ3ɹ 20ĶĲ5̆ë
F3HU_sZUkp}QLȹ* PCRȂ4E-/Áʶ"*DNA
g46 Ex-Taq DNA PolymeraseLȹ/²4ə"*ʀƖ0čƆLʯ-*̐
į DNA 46̂ƟV̃¸ńLė@}dp DNApRS413̈́HIS3 ͅpRS415
̈́LEU2ͅE9 BY47415]u DNÄ́LYS2ͅLȹ*PCRȝȏL 95°C0 2é
̘čƆż95°C 0 30 ɞ58°C 0 30 ɞ72°C 0¶Ƒ5ǈ̘̈́LEU2; 3 éHIS3; 2
éLYS2; 5éͅL 30`QZʎG˱"ǋż4 72°C0 10é̘čƆ!&* 
 
  Sterile water   41 µL 
  10 × Ex-Taq buffer   5 µL 
  10 mM dNTP   1 µL 
  50 µM 5’ primer   1 µL 
  50 µM 3’ primer   1 µL 
  Template DNA   1 µL 
  Ex-Taq DNA polymerase (5 units/µl) 0.25 µL 
  Total    50 µL 
 
2-6-2 ̈Ƕ5͂ûȳŶˡ˧ƯȂ 
 2-6-1 0ž* DNA ƿȬLȹ/Ŷˡ˧ƯLʯ-*Ŷˡ˧Ư6 2-5 5̳4Ž-/ʯ
-*ı̽ʧ¿LĨĎ"* 1.5 mLŎ`}k|: 480 µL5 50% PEG400072 
µL5 1 M lithium acetate50 µL5 2 mg/mL`\ɶń DNA ̈́Âȹñ4 5é̘ȧȀ"
ǻ0ƈâ"*B5LÂȹ LͅømlZdX`0EƱƢ"/ʧ¿LƕȠ
"*ƕȠȏL2ǐ5ǀ"1.5 mLŎ`}k|:ă̍%.éȃ"ǁ42-6-1













g46 EX-Taq Polymerase Lȹ/²4ə"*ʀƖ0čƆLʯ-*̐į
DNA 1"/ pUG6̈́kanMX4 ͅpUG27̈́HIS5 ͅpUG72̈́URA3 ͅpUG73̈́LEU2ͅ
1 pFA6a-natNT2̈́ natNT2 Lͅȹ*̈́ Gueldener et al., 2002; Janke et al., 2004 ͅPCR
ȝȏL 95°C 0 30 ɞ58°C 0 30 ɞ72°C 0¶Ƒ5ǈ̘̈́pUG73; 3 é(5¯͑2
éͅL 30`QZʎG˱"ǋż4 72°C0 10é̘čƆ!&* 
 
  Sterile water   41 µlL 
  10 × Ex-Taq buffer   5 µL 
  10 mM dNTP   1 µL 
  50 µM 5’ primer   1 µL 
  50 µM 3’ primer   1 µL 
  Template DNA   1 µL 
  Ex-Taq DNA polymerase (5 units/µl) 0.25 µL 
  Total    50 µL 
 
2-7-2 ̃¸ńʏƯɕĺ 
 2-7-10ž* DNAƿȬLȹ/Ŷˡ˧ƯLʯ-*Ŷˡ˧Ư6 2-6-25̳4Ž-/ʯ
-*¼"kanMX4 E9 natNT2 VƨÛ!I*Ǟ5̂ƞ46(I)I
YPD+G418ŒŀıĮYPD+clonNATŒŀıĮLȹ* 
 
2-7-3 ̈ǶF5]u DNAƠè 
 ]u DNA5Ơè6 Method in Yeast Genetics̈́ Amberg et al., 2005ͅ4Ž-/ʯ-
*ÏʵǞL 5 mL5 YPDȏ¿ıĮ4Ǣʧ"/ǉı̽"*ʒǂı̽ȏL 15 mL
Ŏ^rVk|4ɠ"600 × g0 2é̘̀Ƅ"×ȔL̠*1 mL5ȞʧǺ
Lø/ƕȠ"*ż1.5 mLŎ`}k|4ɠ"*2,300 × g0 1é̘̀Ƅ"
/×ȔL̠(: 0.2 mL5 lysis buffer̈́ 2% Triton X-100, 1% SDS, 100 mM sodium 
chloride, 10 mM Tris-HCl, pH 8.0, 1 mM Na2EDTAͅLø*!F4 0.3 g5¾OV
[dyë́ Ň¨ĥǡ Lͅø 3~4é̘mlZdX`0ȟ"ƱƢ"*
0.2 mL5 TELø20,400 × g0 5é̘̀Ƅ"*żǺŝ 0.4 mLLǀ" 1.5 mL
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Ŏ`}k|4ɠ"*(:20°C0âć"* 100%TiuL 1 mLø
˨ƱƢ"*ż4 4°C20,400 × g0 5é̘̀Ƅ"*̀Ƅż×ȔL̠£Ȫ!&*
ż500 µL5 TE4ȝ"* 
 
2-7-4 ̃¸ńʏƯɕĺ5ɗˌ 
 2-7-30ďž"*]u DNAL̐į1"* PCRȂ4EG̃¸ńʏƯɕĺ5ɗˌLʯ
-*U_sZUkp}Q6Ǩɇ̃¸ń5ʏƯɕĺʯKI*̥45?Ĺ
Ũ!IHE4Ǩɇ̃¸ń5×ȉ̆ë 500 bp°˰1ĒV̃¸ń5Þ̄4ˆ˂
"*²4ə"* PCRȝȏL 95°C0 5é̘čƆż95°C0 30ɞ58°C0 30ɞ
72°C0 2éL 30`QZʎG˱"ǋż4 72°C0 10é̘čƆ!&* 
 
  Sterile water   15.7 µL 
  10 × Ex-Taq buffer   2 µL 
  10 mM dNTP   0.4 µL 
  50 µM 5’ primer   0.4 µL 
  50 µM 3’ primer   0.4 µL 
  Genome DNA   1 µL 
  Ex-Taq DNA polymerase (5 units/µl) 0.1 µL 
  Total    20 µL 
 
2-8 ǝ̻̽̾ˍŗ5*A5ı̽ǁȂ 




 }dpŗÛǞL 5 mL5 SDȏ¿ıĮ4Ǣʧ"30°C0 10~12ǈ̘ı̽"/ñ
ı̽ȏ1"*ñı̽ȏ5Ƞŭ̈́OD600ͅLȚŉżOD600 = 0.03~0.0513HE4ǐ
ı̽ȏ:ǢʅLʯOD600 = 1.0~1.513H>0 30°C0ı̽"*̈́ ɹ 12ǈ̘ ͅ
5ǐı̽ȏLőǝ̽ǒµ̈́0 h >*6 SDͅ5`}1"/ˀǖ4Âȹ"*ǝ̽
̻̾ˍŗLʯ*A4ǐı̽ȏ5ıĮLǝ̻̽̾ıĮ4ʏƯ"ı̽Lʅʆ"*$
3K,ǐı̽ȏL 15 mLŎ^rVk|:éȃ"600 × g0 2é̘̀ƄLʯ-











 2-8̳4Ž-/ˀǖȹ}dpŗÛǞLǝ̻̽̾ıĮ0ı̽"ʁǈɇ4 1 mL5
ı̽ȏL 1.5 mLŎ`}k|4ĨĎ"*(5̅ŭı̽ȏ5Ƞŭ OD600ÐLȚ
ŉ"*` }k|4ĨĎ"*ı̽ȏ4 100 µL5 100%̈́ w/v tͅrichloroacetic acid
̈́TCA Lͅø*ż4k|L×48-G˱"/Ȓğ!&ǻ×4ʏ/ÊŅ"
* 
 ǻ×4 10é̘²×̬ʏ"*`}6 4°C20,400 × g0 5é̘̀Ƅę́Lʯ-/
×ȔL̠*(5ż1 mL5ǻâ"*OfoLø/mlZdX`0ʣ
ƱƢ"à9 4°C20,400 × g0 5é̘̀Ƅ$H10lo5ȆȊLʯ-*
5ȆȊƳÁL 2Ĩʯ-*ż£Ȫ!&/OfoLňÜ4ǹÿ!&*ı̽ȏLĨĎ$
Hǈ4Țŉ"* OD600 ÐF 0.02 OD600/µL 13HE4 MURB̈́50 mM sodium 
phosphate, 25 mM MES-NaOH, 1% SDS, 3 M urea, 1 mM sodium azide, 0.1%̈́w/vͅ







̈́30% OZOpȝȏ 1.34~1.6 mL1.5 M Tris-HCl 1.0 mL Q Ǻ 
1.32~1.58 mL10% SDSȝȏ 40 µL10% APS 40 µLTEMED 2 µL ͅ5%5ȡʌ]
̈́30% OZOpȝȏ 0.25 mL0.5 M Tris-HCl̈́pH 6.8ͅ0.375 mL Q
Ǻ 0.84 mL10% SDSȝȏ 15 µL10% APS 20 µLTEMED 1.5 µLͅLȹ*é
̨]ʀƖ5 1.5M Tris-HCl5 pH6 GFP-Atg8Ǟ5`}5̥46 pH8.8CFP*Ǟ
5`}5̥46 pH9.34ˑƻ"*B5Lȹ*Ȅü`}6 5 µL̈́0.1 OD600






 od|lo SD f̈́ǂǐvQUlpͅLȹSDS-PAGE ż5]F
iwZˡL˧á"*PVDFʞ46 Immobilom-P Transfer Membranë́ ǂǐOͅ
Lȹ*Transfer buffer̈́48 mM Tris, 38 mM glycine, 20% methanolͅLȹ/ 1ǈ
̘˧á" QǺ0$$+żhȝȏ̈́0.1% ponceau S5% ̇̉ͅLȹ
/ PVDFʞ:5iwZˡ5˧áLɗˌ"*TBS-T̈́0.8% NaCl, 20 mM Tris-HCl , 
pH7.6, 0.1% Tween-20ͅ0ȆȊżTBS-T4 0.3%13HE4dXZLø*
|lX[ȝȏ0 30é̘|lX[Lʯ-*5ʞL|lX[ȝȏ0Ť̊
"*ǮƝ¿ȝȏ0 1 ǈ̘Ōș0QXo"*TBS-T ȝȏ0 5 é̘ȆȊ
LʯƳÁL 3ĨʎG˱"*ż|lX[ȝȏ0Ť̊"*¥ǮƝ¿ȝȏ0 30é





XbjgǨ˕5YƝRd IgGƝ¿̈́ 5,000ÍŤ̊ǂǐvQUlp Lͅȹ*




 ǝ̻̽̾ˍŗ4EHɾʙ5ȷŅȳ:5Ÿ̰6ǱɾʙLȮɀɇ4Ǜʤ$H phloxine B
̈́Sigma-AldrichͅLîȹ"*ʭÚ̹Ƃ̔ʿœ4E-/ˑ;*̈́Tsukada and Ohsumi, 
1993 ͅ 
 2-8̳4Ž-/̈ǶǞL SDNıĮ>*6 SDPıĮ4ɠ"/ˍŗL*ˍ ŗż
ı̽ȏ 1 mLL 1.5 mLŎ`}k|:ĨĎ"ɿȡŭ 10 µg/mL13HE4
phloxine B ȝȏLȓø"*mlZdX`0EƱƢ"*ż10 éɡŌș0
̬ʏ"/ʭÚ̹Ƃ̔ʿœ5`}1"*ʭÚ̹Ƃ̔ʿœ6nciV
ORCA-Flash2.8̈́Hamamatsu Photonics K.K.ͅLʴÔ"*Îɧį̹Ƃ̔ Olympus IX71




 β-WZobjg5ȈƉȚŉ6 Rose1 Botstein5ǁȂ4Ž-/ʯ-*̈́ Rose and 
Botstein, 1983 ͅ²4(5ˋɾL˅˲$H 
 
2-11-1 ɵƠèȏ5ˑʶ 
 iiwZˡɆȴȹ}dp pHS6̈́Ogawa et al., 1995ͅ5ŗÛǞL 2-8
̳4Ž-/ SDPıĮ0ı̽"*OD600 = 5.0Ɍŵ5ı̽ȏL 15 mLŎ^rVk
|:ɠ"/ǻ×0âC"4°C400 × g0 5é̘̀ƄLʯ-/×ȔL̠/250 µL
5|X[vl{N̈́ 100 mM Tris-HCl, pH8.0, 1 mM dithiothreitol, 20% glycerolͅ
4ƕȠ"/ˀǖ4ȹH>020°C0äʂÊŅ"* 
 äʂ!&*`}Lǻ×0ȝˀ!&*żkyeblV̈́Ň¨ĥǡͅL
ȹ/ɕɔçȵLʯ-*ȝˀ!&*`}L 2.0 mLŎ QZk|̈́ ad
iloͅ4Ü̍ɠ"0.2 g5Wdye1 12.5 µL5 40 mM PMSFȝȏ̈́100% Q
h}wu4ȝˀ Lͅø*ǻǺLƁȶ!&H10c\loLâC"*
kyeblV0 2,500 rpm1é̘5ɕɔçȵL1é̘âC$ƳÁL 6Ĩ
ʯ-*(5ż250 µL5|X[vl{NLø/ʣȒğ!&4°C20,400 
× g0 15é̘̀ƄLʯ×ȔL 1.5 mLŎ`}k|:ɠ"/ɵƠèȏ1"* 
 
2-11-2 β-WZobjg5ȈƉȚŉ 
 žFI*ɵƠèȏ 10~100 µL4 900 µL5 Zvl{N̈́60 mM Na2HPO4, 46 mM 
NaH2PO4, 10 mM potassium chloride, 1 mM MgSO4, 0.27%̈́v/vͅβ-mercaptoethanolͅ
Lø|X[vl{N0Ü̍L 1 mL4ēK&*ȝȏL 28°C0 5é̘Q
Xo"0.2 mL5 o-nitrophenyl-β-D-galactopyranosidedolZȝȏ̈́ 4 mg/mL
5ȡŭ0 Zvl{N4ȝˀ Lͅȓø"/čƆL̗Ł"*čƆȏȐ̓ʤLę$H>
0 28°C0QXo"0.5 mL5 1 M Na2CO3ȝȏLȓø$H10čƆLÑǯ
!&*čƆǈ̘L˅̑"čƆȏ5 420 nm4HĘÚŭLȚŉ"*>*Üi
wZˡŉ̍L Protein Assay Bicinchoninate kiẗ́qVQmdZͅLȹ/ʯǸ
ȈƉL²5ů4ŵ/6A/˂ɯ"* 
 





2-12 ̉Ɖd{Nig̈́rAPase; repressible acid phosphataseͅ5ȈƉȚŉ 
 ̈Ƕ5ı̽ȏLȹ* rAPase5ȈƉȚŉ6HuangF1 HürlimannF5ǁȂ4Ž-
/ʯ-*̈́Huang and O'Shea, 2005; Hürlimann et al., 2007 ͅ 
 2-8̳4Ž-/ SDPıĮ0ˍŗL*ı̽ȏ 50 µLL 1.5 mLŎ`}k
|:ĨĎ"(5ɾʙȠŭ OD600ÐLȚŉ"*!F4`}k|: 200 µL5
20 mM p-nitrophenyl phosphateȝȏ̈́0.1 M ̇̉vl{N̈́pH4.2ͅ4ȝˀͅLȓø
"/ʣȒğ!&28°C0 15é̘QXo"*(5ż200 µL5ǻâ"*







 ı̽×Ȕ5[^d5ȡŭ6HPLC̈́ high-performance liquid chromatographyͅ
bdm4E-/Țŉ"* 
 2-8̳4Ž-/ǐı̽ȏ5ʧ¿Lǀ" SDıĮH6 SDPıĮ4àƕȠ"/
30°C0ı̽"ʁǈɇ4 1 mL5ı̽ȏL 1.5 mLŎ`}k|4ĨĎ"*(
5ż2,300 × g0 1é̘̀Ƅ"/ʧ¿LǾǵ!&500 µL5×ȔLǀ" 1.5 mLŎ
`}k|4ĨĎ"*ĨĎ"*×ȔL Millex LG 0.2 µm {Pi̈́Merck 
Millipore, Billerica, MA, USAͅ0Ȣ˽$H10iwZˡ325ǲȘL̠Ċ"ˀǖ
4ȹH`}1"*`}6ˀǖ4Âȹ$H>020°C0ÊŅ"*HPLCˀ
ǖ6ę́V1"/ Animex HPX-87Ḧ́Bio-Rad Laboratories, Hercules, CA, USAͅ
L˅̑ʴʏ1"/ C-R8AZowlZ̈́ŞȇʶÁƙͅLʴÔ"* CCP&8020bd
m̈́ ǔhǞů·ɚ Lͅȹ/ʯ-*VU|L 65°C4ˆŉ"0.6 mL/min






̈́ultra-performance liquid chromatographyͅbdmLȹ/ʯ-* 
 ɾʙÞ5OủȡŭȚŉ5*A5`}6 Onodera 1 Ohsumḯ2005ͅ5ǁȂ
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4Ž-*2-8̳4Ž-/ǐı̽ȏ5ʧ¿Lǀ" SDıĮH6 SDPıĮ4à
ƕȠ"/ 30°C0ı̽"*(5żOD600 = 10.0Ɍŵ5ı̽ȏL 15 mLŎ^rVk
|:éȃ"600 × g0 2é̘̀ƄLʯ-/×ȔLďG̠*ż5 mL5Ȟʧ"
* QǺLø/àƕȠ"/ʧ¿5ȆȊLʯ-*5ȆȊL 2Ĩʯ-*ż500 µL
5Ȟʧ"* Q Ǻ4àƕȠ"/ 1.5 mL Ŏ`}k|:ɠ"Ȁ́Ǻ0 15




 OrRȡŭE9ɾʙÞOủȡŭ5Țŉǈ46Amicon Ultra 0.5 mL̀
Ƅ{Pi̈́Merck Millipore, Billerica, MA, USAͅ0{PiȢ˽"*ż4
AccQ-Tag Ultra Derivation kiẗ́Waters corporation, Milford, USAͅ0ˍŗ¿ÿ"*ˍ
ŗ¿ÿ!&*`}6 Empower3h{oRSOLʴÔ"* ACQUITY UPLC H-Class





















Table 1. Yeast strains used in this study. 
Strain Genotype Reference 
BY4741 MATa ura3∆0 leu2∆0 his3∆1 met15∆0 Brachmann et al.  
BY4742 MATα ura3∆0 lue2∆0 his3∆1 lys2∆0 Brachmann et al.  
YHY36 MATα ura3∆0 This study 
YHY37 YHY36; atg1∆::kanMX4 This study 
YHY81 YHY36; atg12∆::kanMX4 This study 
YHY83 YHY36; atg14∆::kanMX4 This study 
YHY38 MATα ura3∆0 pho91∆::kanMX4 This study 
YHY39 MATα ura3∆0 vtc1∆::kanMX4 This study 
YHY40 MATα ura3∆0 vtc4∆::kanMX4 This study 
YHY73 YHY36; ppn1∆::kanMX4 This study 
YHY52 YHY38; pho2∆::natNT2 This study 
YHY53 YHY38; pho4∆::natNT2 This study 
YHY64 YHY38; pho81∆::natNT2 This study 
YHY65 YHY38; pho85∆::natNT2 This study 
YHY32 MATα leu2∆0 his3∆1 ura3∆0 pho91∆::kanMX4 
pep4∆::LEU2K.l. prb1∆::his5+S.p. vps4∆::URA3K.l. 
This study 
YHY33 YHY32; atg1∆::natNT2 This study 
 
Table 2. Plasmids used in this study. 
Plasmid Feature Reference 
pRS416 CEN URA3 Sikorski and Hieter 
pRS316-GFP-ATG8 CEN URA3 PATG8-GFP-ATG8 This study 
pCu416-CFP* CEN URA3 PCUP1-CFP* This study 
pHS6 CEN URA3 PPHO84-lacZ Ogawa et al.  
pUG6 kanMX4 loxP-kanMX4-loxP Gueldener et al.  
pUG27 HIS5+S.p. loxP-HIS5+S.p.-loxP Gueldener et al. 
pUG72 URA3K.l. loxP-URA3K.l.-loxP Gueldener et al. 
pUG73 LEU2K.l. loxP-LEU2K.l.-loxP Gueldener et al. 
pFA6a-natNT2 natNT2 Janke et al.  
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Table 3. Primers used in this study. 
Name Sequence Purpose 
oTAKA104 GGATGTATGGGCTAAATG Verification of gene disruption 
with kanMX4, natNT2 and 
HIS5+S.p. 
oTAKA244 GCGTCAAGGGCTGAAAAGAC Intrduction of LYS2 
oTAKA245 TATGTCACCGACGCAAAGAG Intrduction of LYS2 
oTAKA266 CGGTCGAGGAGAACTTCTAG Intrduction of LEU2 
oTAKA267 TAAGGCCGTTTCTGACAGAG Intrduction of LEU2 
oTAKA268 TTTAAGAGCTTGGTGAGCGC Intrduction of HIS3 
oTAKA269 CCTCGTTCAGAATGACACG Intrduction of HIS3 
5'ATG1_loxP ATATTTTCAAATCTCTTTTACAACACCAGACGAG
AAATTAAGAAACAGCTGAAGCTTCGTACGC 




ATG1 gene disruption 
HY5 CAATGAGTAAACGAAAAATC Verification of PPN1 disruption 
HY6 AGCATATCATTCGTATTCAA Verification of ATG1 disruption 
HY7 AGTTATCCTTGGATTTGG Verification of gene disruption 
with LEU2K.l. 
HY28 AGGCTCAGTAACAGTGCTGT Verification of PHO2 disruption 
HY29 CCATTCCTTCACACCCATGAG Verification of PHO4 disruption 
HY30 TATATACGTCTTTGGCACGCGA Verification of PHO81 disruption 
HY31 GAAATATGTGCACTACCGTCGC Verification of PHO85 disruption 
HY57 ACAAAAATAAAGCAGCATAGAGTGCCTATAGTA
GATGGGGTACAACAGCTGAAGCTTCGTACGC 
VPS4 gene disruption 
HY58 TTTTCATGTACACAAGAAATCTACATTAGCACGT
TAATCAATTGAGCATAGGCCACTAGTGGATCTG 
VPS4 gene disruption 
HY59 CAGCTGCACTCTACACAAAA Verification of VPS4 disruption 
HY60 TTGGCTAATCATGACCCC Verification of gene disruption 
with URA3K.l. 





PHO2 gene disruption 
HY64 GAGAAGAGATGAGCAAAGGAGACAGAACAAGA
GTAGCAGAAAGTCCAGCTGAAGCTTCGTACGC 




PHO4 gene disruption 
HY82 TGAGAGAATAACCCTTTGGAGGCAACATAGATA
GATAAACGTGCAACAGCTGAAGCTTCGTACGC 
PHO81 gene disruption 
HY83 TTCCTAAATAATGTATAAGATTTCAAAACTACATA
TTACAGAACTGCATAGGCCACTAGTGGATCTG 
PHO81 gene disruption 
HY84 AAGGGATATATAGCGCGGCAAACTGGGCAAACT
TGAGCAATACCAACAGCTGAAGCTTCGTACGC 




PHO85 gene disruption 
HY98 TATTGTTTTCATTGAGTAGGGGTAGAGCTAGTTA
GCTGCTTTTCGCAGCTGAAGCTTCGTACGC 
PPN1 gene disruption 
HY99 AAACTGTAATTGAAGAATGATATGCATTTCTATG
TGTATATTAACGCATAGGCCACTAGTGGATCTG 
PPN1 gene disruption 
NI31 ACATCCCTAACTGTATATTCTACAGTAGAGTGAA
CCAATGACAGTCAGCTGAAGCTTCGTACGC 
ATG12 gene disruption 
NI32 ATCGACTGTAGGTTTTCTTCTTAGACCATTCCAG
CGCCCGGGTATCATAGGCCACTAGTGGATCTGA 
ATG12 gene disruption 
NI33 CCTAGTCTTCCATTTACAT Verification of ATG12 disruption 
NI40 GAGAAAAAGGGAAGTAAAAGTTAAAAACTAGAA
TCCTAGTATGACCAGCTGAAGCTTCGTACGC 




ATG14 gene disruption 




PEP4 gene disruption 
H.K-10 TCAAATTGCTTTGGCCAAACCAACCGCATTGTTG
CCCAAAGCATAGGCCACTAGTGGATCTG 
PEP4 gene disruption 
H.K-11 GCCAGTTAGCGATACAAATA Verification of PEP4 disruption 
H.K-12 ATGAAGTTAGAAAATACTCTATTTACACTCGGTG
CCCTAGCAGCTGAAGCTTCGTACGC 
PRB1 gene disruption 
H.K-13 TTAAATAATATTCAATTTATCAAGAATATCTCTCA
CTTGAGCATAGGCCACTAGTGGATCTG 
PRB1 gene disruption 



































3H1Ùʯ˒Ƽ0ĳĚ!I/Ḧ́Ecker et al., 2010 ͅ(0LEU2HIS3





|loȂ0ǣè$HǁȂ0Țŉ"*̈́ Fig. 4 ͅ.Uo{Ncɓɥ0ɗɧ!I
/H GFP-Atg8}fb[OlfQ0Ḧ́Cheong and Klionsky, 2008 ͅAtg86
Uo{N_h5ʞƖé0Hd{NkcTiuO̈́ PE 1ͅʂē"
PAS :Zo!IH10̨̤ʞ5ʞº̕4̙$H Atg iwZˡ0GU
o{N_h5Þʞ4ʂē"*ȯƓ0ȏʙ:˫˳!IḦ́Nakatogawa et al., 







*̈́Fig. 5A ͅ5}fb[6ǐı̽ȏ5ʧ¿Lǀ" SD ıĮ4ɠ"/ 10 ǈ̘
ı̽"/B<1M2ʻFI%!F4Uo{NcǬʚňÜ4ǭư$H1ɑF
I/H atg1∆Ǟ06$;/5ˍŗǒµ0GFP-Atg85}fb[ʿœ03-
*̈́Fig. 5A ͅ5ʂǗFGFP-Atg8 5}fb[̻̾ÅŅɇ3Uo{Nc
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4E-/Űˢ!IH1àɗˌ0*ǣè!I*b[q5ŴŭLŉ̍"
Ɇȴ!I*Ü GFP-Atg8 ̍̈́GFP-Atg8 1˼̨ GFP 5b[qŴŭ5ğͅ4ŕ$H˼
̨ GFP5̍Lɯè"/Uo{NcȈƉ1"*1Jɦɼ̻̾06ˍŗ 3ǈ̘
0 80%ɡ5}fb[ȳLə"*̈́Fig. 5C ͅ(I4ŕ"/ȣɼ̻̾06(5}f
b[˺ʯ˻ˍŗ 6 ǈ̘0}fb[ȳ 80%ɡLə"*("/̉
̻̾06!F4˻ˍŗ 4ǈ̘ɊF GFP-Atg85}fb[ʻFI6ǈ̘ż
̈́ˍŗ 10ǈ̘Ɋͅ46 75%ɡŭ5}fb[ʿœ!I*̈́Fig. 5C ͅ 
 ǐɓɥ0Âȹ"* GFP-Atg86 ATG8}i5ïſ0Ɇȴ!&/Gı̽
ǒµC̃¸ńɕĺ4E-/(5Ɇȴ̍ļÿ$HȮ4Atg8 5Ɇȴ6ɦɼț
5Ǚȕ4E-/×Ǆ"(5Ɇȴ̍Uo{N_h5Ŀ!Lǽŉ$Hĩń1"







F3H}kpLʮē!&*iwZˡ̈́ ²̝CFP*1ĝɟ Lͅîȹ"*̈́ Fig. 4 ͅ
CFP*6̏ˍŗƉ5 CUP1 }iïſ0Ɇȴ!&/GSD ıĮCĒɢǝ̽
̻̾ıĮ0Ĕɡŭ4Ɇȴ!I*1FGFP-Atg85E3Ɇȴ̍5Ĥ̸L̠Ľ$






5̻̾ˍŗ4E-/˼̨ CFP5b[qèȴ"*̈́Fig. 6A ͅatg1∆Ǟ06˼̨ CFP
5b[qèȴ"31FCFP*5}fb[Uo{NcÅŅɇ0
H1ə!I*5˼̨ CFP 5b[qŴŭLŉ̍$H10Uo{NcȈ













and Ohsumi, 2005 ͅ(0Uo{Nc̻̉̾4HȷŅ4̙$H
ˑ;H*A4ɦɼ̻̾1̻̉̾4Hɾʙ5ȷŅȳLȚŉ"*Țŉ46
phloxine BLȹ*ʭÚ̹Ƃ̔ʿœLʯ-*ı̽ȏ4 phloxine BȝȏLȓø$H1













3-3 ȏʙ˞ʪ̙̉˹̃¸ń1 PSiA5̙Ç 
 
 èʥ̈Ƕ6͂̉ǒµǈ4ľ̍5ȥǬ̉LȏʙÞ:˫˳"̉1"/
˞ʪ$H10ȶĸ̉ȡŭ5ļü4Ô/Ḧ́ Fig. 3̈́ͅShirahama et al., 1996 ͅ
̌ȷǞ4/̻̉̾4Ɔɮ"*Uo{Nc̈́ PSiA; phosphate 











I*̈́Fig. 8 and 9 ͅ5ʂǗFPHO915̃¸ńɕĺ4E-/ PSiAȮɀɇ4Ȉ
Ɖÿ!IH1ǅF13-*>*SDPıĮ4 0.001 g/L̈́ 1/1000̍ ͅ0.01 g/L






 ȏʙFɾʙˡ:5ȥǬ̉5˫˳4̙KH Pho91 ²Ľ4BȏʙÞ̉
5±˓ɸ̙˹ĩń6ĳĚ!I/HVtc1Vtc2Vtc3Vtc4 5 4 .5iwZˡ
ȏʙʞ×0ʷē¿LŶƖ$H10ȏʙÞ4H̉5ʩɣ6˺ʯ"VTC1
H6 VTC4 5ąȰ̃¸ńɕĺ4E-/ȏʙÞ̉5ʩɣǭư$H1
ɑFI/Ḧ́Ogawa et al., 2000 ͅ!F4ȏʙÞ4śĭ$H̉éˀ̈ɼ1"
/ Ppn1Ĕŉ!I/G(5̃¸ńɕĺ4E-/ȏʙÞ4̓̕̉ʩɣ!
IH1FPpn1 6̓̕̉Fɒą½5̉ȷ#H̥4Ǭʚ$
H1ʔFI/Ḧ́Ogawa et al., 2000; Sethuraman et al., 2001 ͅ(0VTC1
VTC4PPN15ąȰ̃¸ńɕĺLʯpho91∆Ǟ1Ĕǧ5ˀǖLʯ-*1Jppn1∆
Ǟ06 2 ɢ̺5i5}fb[4̌ȷǞ15Ŀ3˿6ʻFI3-*
̈́Fig. 11 ͅ(I4ŕ"/vtc1∆Ǟ06 pho91∆1Ĕǧ4 2ɢ̺5i5}f
b[̻̉̾Ȯɀɇ4È˺!Ivtc4∆Ǟ0B̭ŧ4K%06H̻̉
̾ǈ5 CFP*5}fb[̌ȷǞEGBǃˍŗǈ̘Fʿœ0*̈́Fig. 11 ͅ
""vtc1∆Ǟ1 vtc4∆Ǟ06 GFP-Atg85Ɇȴ̍¾"/*Ȯ4̻̉̾ˍ
ŗ4̌ȷǞ1 pho91∆Ǟ06 GFP-Atg8 1˼̨ GFP 5b[qǅɗ4ʿœ0H
54ŕ"vtc1∆Ǟ06 GFP-Atg8 5b[qˍŗ 6 ǈ̘ɊF<1M2ʻFI3
3-*̈́Fig. 8A and 11A ͅvtc4∆Ǟ06!F4 GFP-Atg8̍¾"25ˍŗǒµ0
B GFP-Atg8 Ü̕5b[q<1M2ʿœèǓ3-*̈́Fig. 11A ͅ²×5ʂǗ
Fɾʙˡ:5ȥǬ̉5ƫè+03ȏʙÞ̉5ʩɣ(5B5L̛ō
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 Ǯ4 PHO915̃¸ńɕĺ4EH PSiAȮɀɇ3ȈƉÿ5ĈĩLˑ;*èʥ̈Ƕ6
ȏʙÞ˞ʪ̉5îȹ4ø͂ʾğƉ̉odiPho84 CƜïƉ̉
Ɖd{Nig Pho55ɆȴLȈƉÿ!&H10¾̉ǒµ4́Ɔ$H1





ǌÿēȭFȥǬ̉5ɗÊʯKIḦ́Auesukaree et al., 2004; Thomas and 








6 pho91∆Ǟ5ȷʗ6̌ȷǞEG˻Ů"*̈́Fig. 12A ͅ(5*AȏʙÞ5˞ʪ̉
̻̉̾ǈ5ȷʗʇƤ4îȹ!IH1ʔFI*>*β-WZobjg
1 rAPase5ȈƉȚŉLʯ-*1J2,F5̈ɼȈƉB̻̉̾ˍŗÅŅɇ4×










*̈́Fig. 13A and 13B ͅ(5*Apho91∆Ǟ4H PSiA5ˍŗÈ˺6ˍŗıĮ
5[^dCOrR5ǙȕĈĩ0631ǅF13-*!F4 SD
ıĮH6 SDPıĮ0ı̽5 pho91∆Ǟ5ɾʙÞOủȡŭLȚŉ"*(5





̈́Fig. 14 and 15̈́ͅ Crespo et al., 2002; Bonfils et al., 2012 ͅTORC16ɦɼț5f
`1"/Ǭʚ$HXqgiwZˡ0Gɦɼț5Ǚȕ4Ɔɮ"/(5ȈƉ
ȈƉÿ!IH10 NSiAˍŗȈƉÿ!IH1ɑFI/Ḧ́ ɪ¥ɨċȦ̈́ͅNoda 
and Ohsumi, 1998 ͅ(5*ALeuC Gln5ǭ  PSiAȈƉÿ5Ĉĩ0631ʔ
FI*>*Țŉ0*Oủ5ē˂Lɯè$H1̻̉̾ˍŗǈ5ɾʙÞ
Oủȡŭ6őǝ̽ǒµǈ5(I1Ǹ;/ˍŗ 4ǈ̘Ɋ06K%4¾"*ˍ








Pep4 C Prb1 5̃¸ńLɕĺ$H1Uo{NclZnP6éˀ!IH13
ȏʙÞ4ʩɣ$H1ĳĚ!I/Ḧ́Takeshige et al., 1992 ͅ(0pho91∆L
ʾǞ1"/PEP41 PRB1!F4ľʙ¿ʁ˥ȻǓ5ŘʙʩɣL̚*A4 VPS45
̃¸ńLɕĺ"*ħ̋ɕĺǞLŕ˙4̪ń̹Ƃ̔ʿœLʯ-*̈́Yen et al., 2007 ͅ(
5ʂǗɦɼ̻̾1Ĕǧ4̻̉̾ˍŗ4E-/ȏʙÞ4ßŶ5Ǧ˸¿ľƺʩɣ"
/HǧńʻFI*̈́Fig. 16A ͅatg1∆Ǟ06ȏʙÞ4(5E3Ǧ˸¿ʻFI3
1FßŶ5Ǧ˸¿Uo{NclZnP0H1é-*̈́ Fig. 16A ͅ
ʿœ!I*Uo{NclZnP5ƿ̮ɣLȚŉ"(5Ŀ!Lplo}lo5







3-6 PSiA4H PHOʁ˥5̙ 
 
 èʥ̈Ƕ46ȶĸ̉ȡŭ4Ɔɮ"/̉±˓̙˹ĩń5˧áLïſ$H





 >%PHO ʁ˥5̒˧áȈƉÿĩń PHO2 E9 PHO4 5̃¸ńɕĺ4EH PHO
ʁ˥ȈƉÿ:5Ÿ̰Lˑ;H*A4PPHO84-lacZ5^doZoLȹ*β-WZo
bjg5ȈƉȚŉLʯ-*̃¸ńɕĺ5ʾǞ1"* pho91∆Ǟ06̻̉̾ÅŅ





06 pho2∆Ǟ1 pho4∆Ǟ4H˼̨ GFP5b[qèȴ4ʾǞ15˿6ʻFI3
-*B55ˍŗ 6 ǈ̘Ɋ46 pho2∆Ǟ1 pho4∆Ǟ4H GFP-Atg8 Ü̕5b[
q<1M2ʿœ033Gʾ ǞEGB͂}fb[ȳLə"*̈́ Fig. 18 ͅ
Ĕǧ4 pho81∆Ǟ1 pho85∆Ǟ4/B GFP-Atg8 5}fb[OlfQLʯ-*
1Jpho81∆Ǟ06 pho2∆ǞC pho4∆Ǟ1Ĕǧ5ʂǗLə"*̈́Fig. 18 ͅ""
pho85∆Ǟ06˼̨ GFP5b[q5èȴ6ʾǞ1ļKF3B55GFP-Atg8Ü̕
5b[q6%I5ˍŗǒµ0BŴ3-**A}fb[ȳ6ʾǞEG¾3




3-*̈́Fig. 19 ͅ²×5ʂǗFPHOʁ˥6ř31B PSiA5̭̂Ɵɇ3é
ˀȈƉ46Ÿ̰LČ=!31ǅF13-*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o{Ncɓɥ̶İ0ūîȹ!I/Ḧ́Cheong and Klionsky, 2008; Shintani 
and Reggiori, 2008 ͅGFP-Atg85éˀȳ̈́.>GGFP-Atg85˫˳ȳͅFUo
{NcȈƉLǸ˩$H1ɦɼ̻̾ȣɼ̻̾̻̉̾5̴4Uo{Nc
ȈƉÿ!IǋBȈƉÿ˻̻̉̾0B 10ǈ̘5ˍŗ0ɹ 75%5éˀȳLə"
*̈́Fig. 5C ͅGFP-Atg85Ɇȴ46 ATG8}iLÂȹ"/GUo{N
cˍŗ4/EGȷȵɇ3ǒµÊƤ!IHE4̆Ɣ!I/HATG8̃¸
ń5˧á6ɦɼ̻̾ǒµ0ʨ"ȈƉÿ!IH1ɑFI/G̈́Kirisako et al., 
1999 ͅĳĚ5˶G GFP-Atg85iwZˡ̍6ɦɼ̻̾ǒµ0Ĺø"*ȣɼ̻̾
E9̻̉̾06ļü"3-*̈́Fig. 5B ͅAtg85Ɇȴ̍Uo{NcȈƉ
Lïſ"/HÒ̮6HB55̈́Xie et al., 2008 ͅ×˅5ȵȻF GFP-Atg85é
ˀȳ4E-/ɀ3Hǒµ̘0Uo{NcȈƉLˉÆ$H16́ê031ʔ






































and Kane, 2009 ͅŋ̥4ɾʙÞ5̉ȡŭ×Ǆ$H̃¸ńɕĺǞ06ɾʙÞ5
NaCaC Mn5̍Ĺø$H+03MnCoZnCu325̋̎Ŝ5ǷƉ:5
ʖƉų3G!F4 Fe5odi5˧áȈƉÿ!IH32̎ŜQU
5ƊŧƉ4Ÿ̰LČ=$1ĳĚ!I/Ḧ́Rosenfeld et al., 2010ͅ(5*Aȏʙ
Þ4̉˞ʪ!I3 vtc1∆ǞC vtc4∆Ǟ06DNA5ŇŉƉFɾʙÞ5 pH
ɢ5̎ŜQUȡŭ(I4EHiwZˡ5ɆȴC̈ɼiwZˡ5ȈƉÿ:5Ÿ
̰32̉±˓²Ľ5±˓ǬǦ4BɀŧLə$1əģ!I*pho91∆Ǟ06
̌ȷǞEGɾʙÞ5̉̍Ĺø$H1ɑFI/G̈́Hürlimann et al., 
2007 ͅGFP-Atg85ɆȴB̌ȷǞ1Ŀ3˿ʻFI31F²ż5
ˀǖCɪ¥ɨ4H PSiA5ˍŗVre5ˀǖ06 pho91∆Ǟ4ɏɊ"*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 pho91∆Ǟ4H̻̉̾:5ƆɮLˑ;*1J̌ȷǞEGȷʗ˻Ů"














h5ŶƖƺ46̙"31!I/Ḧ́Xie et al., 2008 ͅ˰ũxdoʜO
fkÿ̈ɼ Rpd34ʂē$H Pho235̃¸ńɕĺǞ06ǧ3 ATG̃¸ń5˧á
ȈƉÿ!I(I4E-/ȏʙ4ʩɣ$HUo{NclZnPƺĹø"!F4
Uo{NcȈƉ×Ǆ$H1ĳĚ!I*̈́Loewith et al., 2001; Jin et al., 2014 ͅ
JinF5ĳĚ06Pho23ÅŅɇ3˧áïſLĐH Atgĩń5,Atg95iwZ
ˡ̍Uo{N_h5ŶƖ̷ŭ4̙"/H1!I/H(5*Apho23∆
Ǟ5ˀǖC ATG9L6#A1"* ATG̃¸ń5˧áɆȴ5ˀǖ4E-/ PSiA
¾ˍŗ4ƜFI/HĈĩLǅF40HB"I3 
 
4-3 PHOʁ˥5 PSiA:5̙ 
 
 ǋż4 PHOʁ˥5 PSiA:5̙Lˑ;*ǐɓɥ0ɏɊ"* 4ɢ̺5ĩń5,
Pho2Pho4Pho815 3.5iwZˡ6¾̉ǈ5̉±˓̙˹̃¸ń5˧á
ȈƉÿ4Pho856͂̉ǈ5˧áƜï4̙$H1F̈́ Fig. 2̈́ͅOshima, 1997 ͅ
PSiA PHOʁ˥5ïſ4H3F7ñʕ 3ɢ̺5̃¸ńɕĺǞ06 PSiA6̛ō
!Ipho85∆Ǟ06 PSiA ȈƉÿ!IH1ǍŻ!I*""CFP*}fl
b[OlfQ06IF5̃¸ńɕĺǞ1ʾǞ4HUo{NcȈƉ4˿
6ʻFI%PSiA6 PHOʁ˥5ïſ431əģ!I*̈́Fig. 19 ͅ 
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 GFP-Atg8 5iwZˡ̍Lˑ;H1pho2∆pho4∆pho81∆Ǟ06 vtc1∆Ǟ1Ĕ
#E4̻̉̾ǈ5 GFP-Atg8Ü̕5b[qų3G˴4 pho85∆Ǟ06(
5b[qŴ3-*̈́Fig. 18A ͅ51F PHOʁ˥ Atg85ɆȴȈƉÿ4
̙$H1əģ!I*PHO ʁ˥ïſ4H̃¸ń5˧á6(5}i
̶İ5 UAS̈́upstream activation siteͅ4 Pho21 Pho4Ɍ¦ÁȹH6ʂē$
H10ȈƉÿ!IH5 UAS 5^Ŏë1"/ 2 ɢ̺5 6 ĶĲŕ̈́CACGTT 1
CACGTG ͅ PHO84C PHO5325̉±˓̙˹̃¸ń4ÊŅ!I/Ḧ́ Ogawa 
et al., 1995; Oshima, 1997 ͅ""5 6ĶĲŕ6 ATG85}iÞ46ė
>I/3-*̈́data not shown ͅÙʯɓɥ4EGATG8 5˧á6(5}
i̶İ4˧áĩń Ume6ʂē"!F4 Sin3L®"/ Rpd3LZo$H
10˛5ïſLĐ/GUo{Ncˍŗǒµǈ4 Ume6 ̉ÿ!IH1
(5˧áȈƉÿ!IH1ɑFI/Ḧ́Kadosh and Struhl, 1997; Bartholomew 
et al., 2012 ͅ>*Ume61Ĕǧ4 Rpd31Ɍ¦Áȹ$H Pho236 PHOʁ˥5ȉ
0 PHO55˧áƜï4̙$H1ĳĚ!I/*̈́Lau et al., 1998 ͅ²×5ɑʻ












Hȴ˙0G(5ǒµ4Ɔɮ$Hb[q¸˾ʁ˥5.4 HOG̈́ high-osmolarity 






Fig. 2 A schematic model of PHO pathway in response to an environmental 
phosphate concentration.
Fig. 3 Strategy for acquisition and storage of inorganic phosphate. 
Fig. 	 Principle of methods for measurement of autophagy using two 
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Fig. 5 The measurement of autophagic activity by GFP-Atg8 processing. (A) 
WT (left panel) and atg1∆ (right panel) strains harboring pRS316-GFP-ATG8 
were grown in SD medium to an early log phase, and then transferred to SD−N, 
SD−C, SD−P and fresh SD medium. Total cell lysates were prepared at the 
indicated time points and analyzed by immunoblotting probed with anti-GFP and 
anti-PGK antibodies. (B and C) Quantification of signals from immunoblotting 
analysis of Fig. 5A. The intensities of GFP-Atg8 and free GFP were normalized 
with Pgk1 signals at each time points. The expressed GFP-Atg8 level (the sum of 
GFP-Atg8 signal and free GFP signal) and the degradation activity of autophagy 
(the rate of free GFP signal to expressed GFP-Atg8) were shown in (B) and (C), 
respectively. Circle: SD−N; diamond: SD−C; triangle: SD−P; square: SD. Error 
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Fig. 6 The measurement of autophagic activity by CFP* processing 
assay. (A) WT (left panel) and atg1∆ (right panel) strains harboring pCu416-
CFP* were grown in SD medium to an early log phase, and then transferred to 
SD−N, SD−C, SD−P and fresh SD medium. Total cell lysates were prepared at 
the indicated time points and analyzed by immunoblotting probed with anti-
GFP and anti-PGK antibodies. (B) Localization of CFP* in WT cells. The cells 
growing in SD medium to an early log phase were used for fluorescent 
microscopy. (C) Quantification of free CFP from immunoblotting analysis of 
Fig. 6A. The intensities of free CFP signals were normalized with Pgk1 signals 
at each time points. The relative amount of free CFP in WT cells starved with 
nitrogen for 4 h was set to 100%. Circle: SD−N; diamond: SD−C; triangle: SD














SD−N for 7 days
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Fig. 7 Cell viability in WT and autophagy-deficient strains. (A) Fluorescent 
microscopy of phloxine B-stained cells. The atg1∆ strain harboring an empty 
vector (pRS416) was grown in SD medium to an early log phase, and then 
transferred to SD−N medium. After incubation for 7 days, the cells were treated 
with phloxine B and used for fluorescent microscopy analysis. (B) The 
comparison of cell viability between the cells growing in SD medium (white bar) 
and those starved with nitrogen (blue bar) or phosphate (red bar). Fluorescent 
microscopy of indicated strains were performed in the same manner as Fig. 7A. 
The cells stained with the dye were counted and cell viability was calculated. 
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Fig. 8 Autophagic activity in WT and pho91∆ strains by GFP-Atg8 
processing assay. GFP-Atg8 processing assay was performed in WT (open, 
solid line) and pho91∆ (closed, dashed line) strains harboring pRS316-GFP-
ATG8 as described in Fig. 5. Circle: SD−N; diamond: SD−C; triangle: SD−P. Error 
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Fig. 9 Autophagic activity in WT and pho91∆ strains by CFP* processing 
assay. CFP* processing assay was performed in WT (open, solid line) and 
pho91∆ (closed, dashed line) strains harboring pCu	16-CFP* as described in Fig. 
6. Circle: SD−N; diamond: SD−C; triangle: SD−P. Error bars represent standard 
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Fig. 10 Processing assay using GFP-Atg8 or CFP* in response to low 
phosphate condition in pho91∆ strain. After grown in SD medium, pho91∆ 
cells expressing GFP-Atg8 or CFP* were transferred to SD−P medium 
supplemented with the indicated concentration of phosphate and the protein 
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Fig. 11 Processing assay using GFP-Atg8 or CFP* in ppn1∆, vtc1∆ and 
vtc4∆ strains. After grown in SD medium, the indicated cells expressing GFP-
Atg8 or CFP* were transferred to SD−N and SD−P medium and the protein 


























































































Fig. 12 The effect of gene-disruption of PHO91 on physical functions. (A) 
WT (open, solid line) and pho91∆ (closed, dashed line) cells were grown in SD 
medium, then transferred to either fresh SD (square) or SD−P (triangle) medium. 
Cell density was monitored every 2 h. (B) Activity of PPHO84-lacZ in WT and 
pho91∆ strains harboring pHS6. The cells grown in SD medium (SD, white bar) 
and those starved with phosphate for 6 h (SD−P, red bar) were harvested, and 
used for measurement of β-galactosidase activity. (C) rAPase activity in WT and 
pho91∆ strains harboring an empty vector (pRS416). The cells were harvested in 
the same manner as Fig. 12B and used for measurement of rAPase activity. 





















































Fig. 13 Measurement of glucose and NH4+ in culture supernatants and 
intracellular total amino acids in pho91∆ cells. (A and B) The concentration of 
glucose (A) and NH4+ (B) in culture supernatant. pho91∆ strain harboring an 
empty vector (pRS416) was grown in SD medium to an early log phase, and then 
transferred to fresh SD and SD−P medium. After incubation for 10 h, cell cultures 
were harvested and used for analyses (10 h, grey bar). The analyses were also 
performed in the prepared medium (0 h, white bar). (C) Intracellular total amino 
acids level of pho91∆ cells. After grown in SD medium, the pho91∆ cells 
harboring pRS416 were transferred to fresh SD (closed, black dashed line) and 
SD−P (open, red solid line) medium. The cells were harvested at the indicated 
time points and used for analysis. Error bars represent standard derivation of 
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(Glycine) (Alanine) (Leucine) (Isoleucine)
Fig. 14 Individual concentration of hydrophobic amino acids in pho91∆ 
cells. After grown in SD medium, the pho91∆ cells harboring pRS416 were 
transferred to fresh SD (closed, black dashed line) and SD−P (open, red solid 
line) medium. The cells were harvested at the indicated time points and used for 
analysis. Error bars represent standard derivation of three independent 
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Fig. 15 Individual concentration of hydrophilic amino acids in pho91∆ cells. 
After grown in SD medium, the pho91∆ cells harboring pRS416 were transferred 
to fresh SD (closed, black dashed line) and SD−P (open, red solid line) medium. 
The cells were harvested at the indicated time points and used for analysis. Error 
bars represent standard derivation of three independent experiments. *p<0.05, 
























































SD−N 2 h SD−P 6 h
B
Fig. 16 Observation of autophagic bodies in the vacuole. (A) Electron 
microscopy of autophagic bodies. The indicated cells incubated in SD−N for 2 h 
and SD−P for 6 h were subjected to transmission electron microscopy. 
Arrowheads indicate examples of autophagic bodies. (B) Scatter dot plot that 
indicates dispersion of cross-sectional area of autophagic bodies from Fig. 16A 





























Fig. 17 The measurement of  PPHO84-lacZ activity in strains deleted for PHO2 
and PHO4 genes. After grown in SD medium (SD, white bar), indicated cells 
expressing PPHO84-lacZ were transferred to SD−P medium and incubated for 6 h 
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Fig. 18 GFP-Atg8 processing assay in strains deleted for genes related to 
PHO pathway. GFP-Atg8 processing assay was performed in indicated strains 
as described in Fig. 5. Error bars represent standard derivation of three 
independent experiments. **p<0.01 and ***p<0.001.
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Fig. 19 CFP* processing assay in strains deleted for genes related to PHO 
pathway. CFP* processing assay was performed in indicated strains as 
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c5%I4Bƅʹ0H1F^O AtgiwZˡʑ1ĝ7I/Ḧ́ Fig. 20Aͅ
̈́Ohsumi, 2014 ͅèʥ̈Ƕ06ɾʙˡ0ǧ4ƣƸ"/H^O AtgiwZˡ
 ǝ ̽ ̻ ̾ b [ q  L Đ  / ȏ ʙ ˰ Ó 5  Ȥ 4 ̧ ɣ $ H  1 0 PAS
̈́pre-autophagosomal structureͅLŶƖ"5 PASLˢȤ1"/̨̤ʞǀȷ!I
Ḧ́Fig. 1̈́ͅ Suzuki et al., 2001 ͅPASŶƖ6̣ŝɇ4˺ʯ"×ȉ4½ʏ$H Atgi
wZˡȉ4HĩńLǮ1Zo$H10 PASŶÁFI/̈́ Fig. 
20B̈́ͅ Suzuki et al., 2007 ͅ5xTX5×ȉ4½ʏ"Uo{Nc5ˍŗ
̗Ł4̋ʹ3ŹõLơ AtgiwZˡ Atg1ʷē¿1 Atg90H 
 Atg1 ʷē¿6 Atg1Atg13Atg17Atg29Atg31 5 5 ɢ̺5 Atg iwZˡ̈́*
+"Atg17Atg29Atg31 6Ɗŧɇ4 2͐2͐2 5ʷē¿LŶƖ$Hͅ0ǦƖ!I/
Gǝ̽ȯƓ5f`1"/Ǭʚ$H Target of rapamycin complex 1̈́TORC1ͅ
ǝ̻̽̾b[qLĐďH10ŶƖ!IḦ́Fig. 21̈́ͅ Kamada et al., 2000; 
Kabeya et al., 2005; Kabeya et al., 2009 ͅʷē¿ǦƖĩń50 Atg13 TORC1X
qg5ɋƭɇ3i]lo13G(5ȈƉÿȯƓ4E-/ N ǏɩÒ4Xqgp
QLƤ. Atg1C Atg17-Atg29-Atg31ʷē¿15ʂēïſ!IHőǝ̽ǒµ
06ȈƉÿȯƓ4H TORC14E-/ Atg13˽ŭ4̉ÿ!IH10 Atg1C
Atg1715Ɍ¦Áȹ̄½ʺ̦!I/ʷē¿LŶƖ0%Uo{NcˍŗƜ
ï!IH""ɦɼ̻̾ǒµ4¹-/ TORC1ȈƉÿ!IH1 Atg136˷C
4ʜ̉ÿ!IAtg13Atg11Atg17L´®$HŶ0ʷē¿LŶƖ$Ḧ́ Fig. 21 ͅ




FI/Ḧ́Yamamoto et al., 2016 ͅ(5żAtg15ʠŢ̉ÿ4EHXqg
5ȈƉÿCʞƖé5XO13H Atg9 Řʙ5Zo5ˤĴ13G!F4¯
5 AtgiwZˡLZo"/ PASŶƖE9̨̤ʞǀȷÈ!IḦ́ Yeh et al., 
2011; Papinski et al., 2014; Suzuki et al., 2015 ͅAtg1746 Atg311 Atg29ǦƖɇ
4ʂē"/G5 2ɢ̺5 AtgiwZˡB̉ÿË̼4E-/̻̾ǈ5Uo
{N_hŶƖ4ŏ$H1ĳĚ!I/Ḧ́Kabeya et al., 2009; Mao et al., 
2013; Feng et al., 2015 ͅ""ż˲5 Cytoplasm to vacuole targeting̈́Cvtͅʁ˥
ˍŗ4̙Lə!31FAtg17-Atg29-Atg31ʷē¿6̭̂ƟɇUo{Nc
Ȯɀɇ3ĩń1"/ʔFI/Ḧ́Kamada et al., 2000; Kawamata et al., 2005; 
Kabeya et al., 2007 ͅ 
 èʥ̈Ƕ0Ɇʻ!I*̂ƟɇUo{NcǬǦ0H Cvtʁ˥06̻ ̾ˍŗƉU
o{Nc16ɀ3HǬǦ0 Atg1 XqgȈƉÿ!IH1ə!I*Cvt ʁ
˥6ȏʙÞ̈ɼ0HOu}kjg Ape1Cα-ubjg Ams15ȷēƖ}
fd0Gőǝ̽ǒµ0BƊŧɇ4Ǭʚ$H1Ȯƃ0Ḧ́Fig. 22 ͅApe1
6ȷēƖ!I*ż4ɾʙˡ0 12 ̍¿ÿ"!F4 Ape1 4ė>IH}}kpÅ
Ņɇ4͂ǮǦ˸LŶƖ$Ḧ́Ape1ʷē¿ ͅ("/Cvtʁ˥Ȯɀɇ3f}ii
wZˡ Atg19 Ams11Ý4 Ape1͂ǮǦ˸¿:ʂē$H10̂Ɵɇɣʦ13H Cvt
ʷē¿ňƖ$H(5ż̂ƟɇUo{NcȮɀɇĩń Atg11  Atg19 :ʂē
"Atg11L®"/ Atg1C Atg9 Cvtʷē¿ʲ̮:̧ɣ!IH10Cvtʷē¿L
Ȯɀɇ4þ?˯@ CvtŘʙŶƖ!IḦ́Kim et al., 1997; Shintani et al., 2002 ͅ˰ũ
5ɓɥ4EGAtg11-Atg19L®"* Atg11 Cvtʷē¿5Ɍ¦Áȹ Atg1Xqg5
ȈƉÿ4ƅʹ0H1ĳĚ!I*̈́Kamber et al., 2015 ͅAtg116 Atg11̂Ɵɇ
ɣʦL.3Oj}i1"/Ǭʚ$H1ɑFI/G̂ Ɵɇɣʦ4Ȯɀɇ3
f}iiwZˡ̈́Cvtʁ˥5 Atg19mitophagy5 Atg32pexophagy5 Atg363
2ͅ1ʂē$H10ɢ5̂ƟɇUo{Nc5ˍŗ4˜ȱ$Ḧ́Fig. 20Aͅ
̈́Shintani et al., 2002; Yorimitsu and Klionsky, 2005; Kanki et al., 2009; Motley et al., 
2012 ͅ(5*AAtg11 6̂ƟɇUo{Nc4Ȯɀɇ3ĩń1"/ʔFI/
G(5̃¸ńɕĺ4E-/ NSiA5ˍŗ4Ÿ̰LČ=!31ə!I/Ḧ́ Kim 
et al., 2001 ͅ 
 Atg96ľ̋ʞ˝˶įiwZˡ0G_c¿F̋ʞǦ˸5 Atg9Řʙ1"/





I/Ḧ́ Fig. 23̈́ͅHe et al., 2006; Yamamoto et al., 2012; Papinski et al., 2014; Suzuki 








̈́Ishihara et al., 2001; Hamasaki et al., 2003; Shirahama-Noda et al., 2013 ͅ51
F_c¿FŶƖ!IH Atg9 Řʙʞʮē5ŹõLơ SNARË́soluble 
N-ethylmaleimide-sensitive factor attachment protein receptorͅiwZˡCUo{
N_h5ʞƖéL PAS:Zo$H1ʔFI/Ḧ́van der Vaart et al., 
2010; Nair et al., 2011; Yamamoto et al., 2012 ͅ 



















2 ŋ̀ǑƾE9ǁȂ  
 
˅²Ľ6ɪɨ5ǁȂ4Ž-*Âȹ"*}dpE9U_sZUkp}
Q6 Table 51 Table 64(I)I>1A* 
 
2-1 ÂȹʧǞ 







͇̈́ͅYPD+hygromycinıĮ͑YPDıĮ4 200 µg/mL hygromycin BLȓø"*B5 
 
2-3 pho91∆ǞLʾǞ1"*̃¸ńʏƯɕĺ 
 ŋ̀ƳÁ6ɪɨ5 2-7̳4Ȝ#/ʯ-* 
 PCR Ȃ4EHʏƯɕĺȹ{[oÁʶ4̐į DNA 1"/ pFA6a-hphNT1
̈́hphNT1ͅ1 pFA6a-natNT2̈́natNT2ͅLȹ*̈́Janke et al., 2004 ͅčƆȝȏLɪ
ɨ5 2-7-1̳1Ĕǧ4ˑʶ"95°C0 30ɞ58°C0 30ɞ72°C0 2é5QX
bL 30`QZʎG˱"ǋż4 72°C0 10é̘čƆ!&* 
 
2-4 }dp5ďž 
 ǐɓɥ4ȹ*}dp6 Table 54ə"* 
 
2-4-1 pRS415-3FLAG-ATG11E9 pRS415-3FLAG-ATG11(1-859)5Áʶ 
 pRS415-3FLAG-ATG11 E9 pRS415-3FLAG-ATG11(1-859)5}dp6̈Ƕ
ɾʙÞ4HɌĔʀƯ4E-/Áʶ"*̈́Ma et al., 1987 ͅ 
 ATG115}i̆ë̈́PATG11ͅ5 3'Ò4 3FLAGL^p$H̆ëLʂē!&
* DNAƿȬ̈́ PATG11-3FLAG ͅATG115Ü ORF̶İ5 5'Ò4 3FLAGL^p$H̆
ëLʂē!&* DNA ƿȬ̈́3FLAG-ATG11ͅ1Atg11(1-859)̶İL^p$H DNA
̆ë55'Ò43FLAGL^p$H̆ëLʂē!&*DNAƿȬ̈́ 3FLAG-ATG11(1-859)ͅ
L PCRȂ0Áʶ"*PCRȂ46̐į DNA1"/ɪɨ5 2-7-3̳4Ž-/Ơè"
 40 
* BY4742 Ǟ5]u DNA LÂȹ"(I)I oTAKA349/oTAKA352
oTAKA351/oTAKA350oTAKA351/oTAKA356 5}Q5ʀ?ēK&0čƆLʯ
-*²4ə"*čƆȝȏL 98°C 0 10 ɞ56°C 0 20 ɞ72°C 0¶Ƒ5ǈ̘
̈́PATG11-3FLAG; 20ɞ3FLAG-ATG11; 1é 30ɞ3FLAG-ATG11(1-859); 1é 10ɞͅ
5čƆL 30ĨʎG˱"ǋż4 72°C0 2é̘čƆ!&H14E-/Ɋɇ5 DNAƿ
ȬLÁʶ"* 
 
  Sterile water   36.5 µlL 
  5 × Q5 Reaction buffer  10 µL 
  10 mM dNTP   1 µL 
  50 µM 5’ primer   0.5 µL 
  50 µM 3’ primer   0.5 µL 
  Genome DNA   1 µL 
  Q5 High-Fidelity DNA Polymerase  0.5 µL 






pCu415   4 µL 
10 × M buffer  1 µL 
Sterile water  4 µL 
 SacI   0.5 µL 
 XhoI   0.5 µL 
Total   10 µL 
 
 ×˅5ǁȂ0ˑʶ"* DNA ƿȬ1ʊȯÿ}dpLɪɨ5 2-6-2 ̳4Ž-*͂
ûȳŶˡ˧ƯȂ4E-/ BY4742Ǟ4ŗÛ"*$3K,PEG4000lithium acetate
`\ɶń DNALø/ʧ¿LƕȠ!&*ż4 2ǐ5ǀ" 1.5 mLŎ`}k
|:ă̍%.éȃ"*ǁ4 PATG11-3FLAG5 DNAƿȬL 25 µL3FLAG-ATG11
H6 3FLAG-ATG11(1-859)5 DNAƿȬL 25 µLpCu4155 SacI/XhoIȎÿȭ 0.5 µL
LøBǁ46tWmP|^o1"/ pCu4155 SacI/XhoIȎÿȭ 0.5 
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µL +Lø/EƱƢ"*čƆȝȏL 30°C 0 30 é̘QXo!&*ż
42°C0 20é̘xoblZ!&Ŷˡ˧ƯȝȏL 2,300 × g0 1é̘̀Ƅ"/×Ȕ
L̠*100 µL5ȞʧǺ4ƕȠ"*ʧ¿L SCLeuŒŀıĮ4ĵţ"/ 30°C0 2~3
ǂ̘ı̽"ȷʗ"/*^rLàŭǀ" SCLeuŒŀıĮ4Ǣʧ"/Ŷˡ˧Ư
¿1"*5Ŷˡ˧Ư¿L 5 mL5 SCLeuȏ¿ıĮ4Ǣʧ"/ 30°C0ǉı̽"
FLAG Ɲ¿Lȹ*RSdi|loȂ0ˀǖ$H10}dp5ɗˌLʯ-
*̈́ɪɨ 2-9-1~2-9-3̳ ͅ 
 
2-4-2 }dp DNA5̈ǶɾʙF5ĨĎ 
 2-4-1̳0ɗˌ"*Ŷˡ˧Ư¿L 5 mL5 SCLeuȏ¿ıĮ4Ǣʧ"ǉı̽"*
ı̽ȏL 15 mLŎ^rVk|4ɠ"600 × g0 2é̘̀Ƅ"×ȔLďG̠
*1 mL5ȞʧǺLø/ƕȠ"*ż1.5 mLŎ`}k|4ɠ"*2,300 × 
g0 1é̘̀Ƅ"/×ȔL̠(: 0.2 mL5 lysis buffer̈́ 2% Triton X-100, 1% SDS, 
100 mM sodium chloride, 10 mM Tris-HCl, pH 8.0, 1 mM Na2EDTAͅLø*!F4
0.3 g5¾OV[dyë́Ň¨ĥǡͅLø 3~4é̘mlZdX`0
ȟ"ƱƢ"*0.2 mL5 TELø20,400 × g0 5é̘̀Ƅ"*żǺŝ 0.4 mL
Lǀ" 1.5 mLŎ`}k|4ɠ"*(:20°C0âć"* 100% Tiu
L 1 mL1 3 M ̇̉qoRL 40 µLø/˨ƱƢ"20°C0 10é̘̬ʏ
"*(5ż4°C20,400 × g0 5é̘̀Ƅ"/×ȔL̠£Ȫ!&*ż20 µL/mL 




2-4-3 pRS415-3FLAG-ATG11 F pRS416-3FLAG-ATG11 :5}dpZi
5ªƯ 
 2-4-1 ̳2-4-2 ̳4Ž-/̈ǶɾʙFĨĎ"* pRS415-3FLAG-ATG11 1
pRS415-3FLAG-ATG11(1-859)LȹpRS416̈́ URA3ͅ:5}dpZi5ª
ƯL̈ǶÞɌĔʀƯȂ4E-/ʯ-* 
 pCu415 1 pRS416 5Ý˶̆ëLˌ˕$H M13 }Q1ĨĎ"* 2 ɢ̺5}
dp DNA L̐į1"/ȹ* PCR Ȃ4E-/ PATG11-3FLAG-ATG11 1
PATG11-3FLAG-ATG11(1-859)5DNAƿȬLÁʶ"*PCRȝȏL²5ʀƖ0ˑʶ"
98°C 0 10 ɞ57°C 0 20 ɞ72°C 0 2 é̘5čƆL 30 ĨʎG˱"ǋż4 72°C
0 2é̘čƆ!&H14E-/Ɋɇ5 DNAƿȬLÁʶ"*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  Sterile water   36.5 µlL 
  5 × Q5 Reaction buffer  10 µL 
  10 mM dNTP   1 µL 
  50 µM M13 forward   0.5 µL 
  50 µM M13 reverse   0.5 µL 
  Template DNA   1 µL 
  Q5 High-Fidelity DNA Polymerase  0.5 µL 
  Total    50 µL 
 
 >*pRS416 Lȹ/²5ʀƖ0čƆȏLˑʶ"37°C 0 3 ǈ̘5ï̞̈ɼç
ȵLʯ-/ʊȯÿ"* 
 
pRS416   4 µL 
CutSmart buffer  1 µL 
Sterile water  4 µL 
 NotI-HF   0.5 µL 
 KpnI-HF   0.5 µL 
Total   10 µL 
 
 ×˅5ǁȂ0ˑʶ"* DNA ƿȬ1ʊȯÿ}dp6̷͂ŭɌĔʀƯ4EH
BY4742 Ǟ5Ŷˡ˧ƯȂ4ȹ*̈́ɪ¥ɨ 2-4-1 ̳ ͅPATG11-3FLAG-ATG11 H6




2-5 ATG13̃¸ńE9 ATG29̃¸ń5Tzo}iY[ 
 6×HA i[Lȹ* ATG13 ̃¸ńE9 ATG29 ̃¸ń5Tzo}iY[6
Janke F5ĳĚ4Ž-/ʯ-*̈́Janke et al., 2004 ͅ(I)I5̃¸ń5 C Ǐɩ4
6×HAi[L°ø$H*A46×HAL^p$H DNĂëADH1iti
Nourseothricin ʖƉ̃¸ń̈́clonNAT2ͅLė@ DNA ƿȬL PCR Ȃ4E-/Áʶ"
Ǜʤ¿×5 ATG13 E9 ATG29 5 ORF 5ɿǯ^p5ɋñ4ƨÛ"*PCR Ȃ5
̐į1"/ pYM17LÂȹ"}Q6 HY511 HY52̈́ ATG13-6×HA ͅH6
HY791 HY80̈́ATG29-6×HAͅLȹ*PCRȂ6²4ə"*čƆȝȏL 95°C0
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30ɞ58°C0 30ɞ72°C0 2é̘5čƆL 30ĨʎG˱"ǋż4 72°C0 10é̘




  Sterile water   41 µlL 
  10 × Ex-Taq buffer   5 µL 
  10 mM dNTP   1 µL 
  50 µM 5’ primer   1 µL 
  50 µM 3’ primer   1 µL 
  Template DNA   1 µL 
  Ex-Taq DNA polymerase (5 units/µl) 0.25 µL 
  Total    50 µL 
 
2-6 RSdi|loȂ4EHǨɇiwZˡ5ǣè 
 ŋ̀ƳÁ6ɪɨ5 2-9-1~2-9-3̳4Ž-/ʯ-* 
 ǮƝ¿1"/RdƝ GFPƝ¿̈́mFX752000~5000ÍŤ̊ğÚɺʫ ͅR
dƝ PGK Ɲ¿̈́22C5D8, 20,000 ÍŤ̊Abcam, UK ͅRdƝ FLAG Ɲ¿̈́Anti 
DYKDDDDK tag, Monoclonal antibody2,000ÍŤ̊ğÚɺʫ ͅRdƝ HAƝ¿
̈́HA probeF-72,000 ÍŤ̊Santa Cruz Biotechnlogy ͅYƝ Ape1 Ɲ¿
̈́aminopeptidase-IyH-161,000ÍŤ̊Santa Cruz BiotechnologyͅL¥ǮƝ¿
46ʸȅ`yUXbjgǨ˕5YƝRd IgGƝ¿̈́5,000ÍŤ̊ǂǐv
QUlp 1ͅʸȅ`yUXbjgǨ˕5vƝY IgGƝ¿̈́ 5,000ÍŤ̊











Table 4. Yeast strains used in this study. 
Strain Genotype Reference 
YHY36 MATα ura3∆0 This study 
YHY38 MATα ura3∆0 pho91∆::kanMX4 This study 
YHY42 YHY38; atg11∆::hphNT1 This study 
YHY43 YHY38; atg19∆::hphNT1 This study 
YHY44 YHY38; atg32∆::hphNT1 This study 
YHY45 YHY38; atg36∆::hphNT1 This study 
YHY46 YHY38; tlg2∆::natNT2 This study 
YHY47 YHY38; atg20∆::natNT2 This study 
YHY48 YHY38; atg21∆::natNT2 This study 
YHY49 YHY38; atg23∆::natNT2 This study 
YHY50 YHY38; atg24∆::natNT2 This study 
YHY51 YHY38; atg27::natNT2 This study 
YHY54 YHY38; trs85∆::natNT2 This study 
YHY55 YHY38; vps51∆::natNT2 This study 
YHY56 YHY38; npr2∆::natNT2 This study 
YHY57 YHY38; npr3∆::natNT2 This study 
YHY58 YHY38; atg1∆::natNT2 This study 
YHY61 YHY38; atg17∆::natNT2 This study 
YHY138 YHY38; cog5∆::natNT2 This study 
YHY139 YHY38; cog6∆::natNT2 This study 
YHY148 YHY38; atg29∆::natNT2 This study 
YHY212 YHY38; atg13∆::natNT2 This study 
YHY26 MATα ura3∆0 leu2∆0 pho91∆::kanMX4 This study 
YHY88 YHY26; atg11∆::natNT2 This study 
YHY206 YHY36; ATG13-6×HA::natNT2 This study 
YHY209 YHY38; ATG13-6×HA::natNT2 This study 
YHY210 YHY209; atg11∆::hphNT1 This study 
YHY196 YHY36; ATG29-6×HA::natNT2 This study 
YHY200 YHY38; ATG29-6×HA::natNT2 This study 
YHY202 YHY42; ATG29-6×HA::natNT2 This study 
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YHY203 YHY200; atg17∆::hphNT1 This study 
 
Table 5. Plasmids used in this study. 
Plasmid Feature Reference 
pRS415 CEN LEU2 Sikorski et al. 
pRS416 CEN URA3 Sikorski et al. 
pRS316-GFP-ATG8 CEN URA3 PATG8-GFP-ATG8 This study 
pCu416-CFP* CEN URA3 PCUP1-CFP* This study 
pHS6 CEN URA3 PPHO84-lacZ Ogawa et al. 
pRS415-3FLAG-ATG11 CEN LEU2 PATG11-3FLAG-ATG11-TCYC1 This study 
pRS415-3FLAG-ATG11(1-859) CEN LEU2 PATG11-3FLAG-ATG11(1-859)-TCYC1 This study 
pRS416-3FLAG-ATG11 CEN URA3 PATG11-3FLAG-ATG11-TCYC1 This study 
pRS416-3FLAG-ATG11(1-859) CEN URA3 PATG11-3FLAG-ATG11(1-859)-TCYC1 This study 
pFA6a-hphNT1 hphNT1 Janke et al. 
pFA6a-natNT2 natNT2 Janke et al. 
 
Table 6. Primers used in this study. 
Name Sequence Purpose 
oTAKA104 GGATGTATGGGCTAAATG Verification of gene disruption 








ATG1 gene disruption 
M13forward GTAAAACGACGGCCAG Common primer 
M13reverse CAGGAAACAGCTATGAC Common primer 
HY6 AGCATATCATTCGTATTCAA Verification of ATG1 disruption 
HY21 TGCGAAGGCCCTTTGTTCTT Verification of PHO91 disruption 
HY35 TCCTAATCACAAAAGCAAAAAAAATCTGCCAGG
AACAGTAAACATCAGCTGAAGCTTCGTACGC 





ATG32 gene disruption 
HY37 TGCACGATATTCTTTTAAACCA Verification of ATG32 disruption 
HY38 TCAGGGCTTAAAATACTAAAATTTGGTGGTCAG
TACAGCTCATTACAGCTGAAGCTTCGTACGC 




ATG36 gene disruption 
HY40 CTTTTTTCCACACCATCTGGT Verification of ATG36 disruption 
HY41 GCAATTGAACATACCATCTAGAAAAGTTGTCTT
CTACAGCACACACAGCTGAAGCTTCGTACGC 
ATG20 gene disruption 
HY42 TATATATCAAGTATGCTATAACGCTAAAAAAAAA
TGCTCATAATAGCATAGGCCACTAGTGGATCTG 
ATG20 gene disruption 
HY43 GCAATGACCTGCTCAGTAAT Verification of ATG20 disruption 
HY44 ACAATTCCACTCCTTTGGATTTGAAATAGACAG
ATAGAAAAGGATCAGCTGAAGCTTCGTACGC 




ATG21 gene disruption 
HY46 AGATTCAACATGGGCTAGTC Verification of ATG21 disruption 
HY47 ACTTTATTTACGGTATACCACAATACTGCTCTTT
TTGTTGAGGATCAGCTGAAGCTTCGTACGC 




ATG24 gene disruption 
HY49 ACTCAATCTTGTCTCTCCCG Verification of ATG24 disruption 
HY50 GAACGAGGTTATTAGTAGT Verification of ATG19 disruption 
HY51 TTTTTCTTTAGTTGTGCCCTTTAAAATAAAACTT
TACCATTTTTAATCGATGAATTCGAGCTCG 
Epitope tagging of Atg13 
HY52 GATCTAGTATTTTTCATGAGTGATATGAACCTTT
CTAAAGAAGGTCGTACGCTGCAGGTCGAC 
Epitope tagging of Atg13 
 47 
HY53 TTTTGCCACCCGCTAATACT Verification of disruption and 
epitope tagging of ATG13 
HY54 CCCCTTCTTTTTACCCTAGG Verification of TLG2 disruption 
HY55 GCGGCGGCACTTGCTTCAGTAACGCCCAAAGG
AGAGTTCTGGTAACAGCTGAAGCTTCGTACGC 




ATG19 gene disruption 
HY67 TACCTCTTTATTCAGTCGGCTTTACAGATACTG
AGGTAACTTATACAGCTGAAGCTTCGTACGC 
TRS85 gene disruption 
HY68 ATTCGTACGTATAATTTATACTCAAAACATGAAT
TTTCCATAAAGGCATAGGCCACTAGTGGATCTG 
TRS85 gene disruption 
HY69 TCAATTGGAATGGGGAATTG Verification of TRS85 disruption 
HY70 GCGTATTTGCGGTGAGACGGAATCTGACGAGG
ATATTAAGTACAGCAGCTGAAGCTTCGTACGC 




VPS51 gene disruption 
HY72 CAACTCAACATCATTAGGCG Verification of VPS51 disruption 
HY73 CTTTCTCTACTAAAGGGAATGGTCAGATCATCA
GGCCAACGGCAACAGCTGAAGCTTCGTACGC 
NPR2 gene disruption 
HY74 AAAAAAAAAACATTTTGATGGACAATGAATTTCT
CTAATTTTAACGCATAGGCCACTAGTGGATCTG 
NPR2 gene disruption 
HY75 GCCGTATGACTCACCCGGAA Verification of NPR2 disruption 
HY76 AAAAAAAGGGAACAGAGTCATCTTTTGGGTAGA
AACTAAGCTTCACAGCTGAAGCTTCGTACGC 
NPR3 gene disruption 
HY77 GTAGATTTTTTTTTTTTTACTTACATTTTGTTACA
ATAGAGAGATGCATAGGCCACTAGTGGATCTG 
NPR3 gene disruption 
HY78 CTCTGACTGCCAACAGCTGG Verification of NPR3 disruption 
HY79 GCCGACAGTTGGTTTTTTGATTGTGCTTGTGAA
AGATGTAAATCAATCGATGAATTCGAGCTCG 
Epitope tagging of Atg29 
HY80 AGTAAATCTGCGTTGGAAGAAGCGCTAATGGA Epitope tagging of Atg29 
 48 
CAGATTGCAATTCCGTACGCTGCAGGTCGAC 
HY81 CTCAATGTACTCGTGTCAGT Verification of disruption and 
epitope tagging of ATG29 
HY127 GGAAGATAAAAATGTGTAACAAAAAAGAAGAAA
AGAGCTGGAGGTCAGCTGAAGCTTCGTACGC 
COG5 gene disruption 
HY128 GATTCATCCTATTTCATCAACATTCTTAATTTTAT
GTAAACTGTCGCATAGGCCACTAGTGGATCTG 
COG5 gene disruption 
HY129 GTGACGAATATTTGAAGTCG Verification of COG5 disruption 
HY130 TATTGTACATTATCGTAACAAAATCCCCAGTGA
AGTTTACTCACACAGCTGAAGCTTCGTACGC 




COG6 gene disruption 
HY132 ACCAAACGGTAACATAACAG Verification of COG6 disruption 
HY133 AGACATACATAATTGTACTGCTGTGCATTTTCCT
ACTTGACTTTCCAGCTGAAGCTTCGTACGC 




ATG29 gene disruption 
HY156 TTGAAAAGAAAGCAGAACATACAGCCCGGTTG
AATAGCATGAGTCCAGCTGAAGCTTCGTACGC 
ATG13 gene disruption 
HY157 TTATTTTTCTTTAGTTGTGCCCTTTAAAATAAAA
CTTTACCATTTGCATAGGCCACTAGTGGATCTG 
ATG13 gene disruption 
oTAKA305 GATCTTCAATCGATGCGATAGATAAAGGTAAGG
AAAGCTTTCACGCAGCTGAAGCTTCGTACGC 




ATG27 gene disruption 
oTAKA306 CCACCCTGCTGCATTGTCAC Verification of ATG27 disruption 
oTAKA307 ACCTCGTTGTTCTATAAGGTAACAAAATAAAGT
GAAGAAGTAAATCAGCTGAAGCTTCGTACGC 
ATG23 gene disruption 
oTAKA308 GTTTAAATTTACATTATCCTCATGGCTACTCTAG ATG23 gene disruption 
 49 
CTATTTGCATTCATAGGCCACTAGTGGATCTGA 
oTAKA309 ACGTGTGCGGCTTTGAAGGC Verification of ATG23 disruption 
tlg2 disrup1 TGATGTACATTTTATCGCTTTGTGATCTAGGCA
GTCGTTACAAACCAGCTGAAGCTTCGTACGC 




TLG2 gene disruption 
NI43 CTGTTGTTGTTCGGAAAGTACTTCTTTTATTTTC
TTTTATACATCCAGCTGAAGCTTCGTACGC 
ATG11 gene disruption 
NI44 TACATAATTAAAATCTTGTCATTTGTGACAAACG
TTTAGCACTGTCATAGGCCACTAGTGGATCTGA 
ATG11 gene disruption 
NI45 GCGGGTCCATCTTACACAC Verification of ATG11 disruption 
PNK001 GATAAATTCGATACTGCGAGGATATTATCAACG
TATTTAACACCTCAGCTGAAGCTTCGTACGC 
ATG17 gene disruption 
PNK002 CAATTATTGAATCTTTGTACCGTATCCTTTTTTT
CCTTTTTTCTAGCATAGGCCACTAGTGGATCTG 
ATG17 gene disruption 
PNK005 CCTAGACCTGCATTGTGCATAGGTC Verification of ATG17 disruption 
oTAKA349 GAGCTCCACCGCGGTGGCGGCCGCTGGACTC




























3 ʂǗ  
 
3-1 PSiA5ˍŗ6 TORC14E-/ïſ!IH 
 
 ɪɨ5ʂǗEGPHOʁ˥6 NSiA1 PSiA5ˍŗLɋƭïſ"31ʂ˒°*
̈́Fig. 19 ͅ(0ŋ̥4 PSiA ˍŗLïſ$Hb[q¸˾ʁ˥Lˑ;H*A4
Target of rapamycin complex 1̈́TORC1ͅ4ɏɊ"*TORC16ǝ̽ɼȮ4Ou
̉325ɦɼț5f`1"/Ǭʚ$H10ɾʙěǍC mRNA 5ʓˇh
ȷēƖ32ǧ3ȷȵȴ˙Lïſ$H1ɑFI/H̈́ Barbet et al., 1996; 
Berset et al., 1998; Cardenas et al., 1999; Powers and Walter, 1999 ͅ5 TORC16
NSiA 5ˍŗBïſ"/Gőǝ̽ǒµ4/ȈƉÿȯƓ4H TORC1 U
o{NcˍŗLƜï"ɦɼ̻̾4̡H1 TORC1ȈƉÿ!IH10Uo{
Ncˍŗ6ʜƜï!I/ȈƉÿ!IḦ́Noda and Ohsumi, 1998 ͅÙʯɓɥ4E-
/ Npr2 1 Npr3 6ʷē¿LŶƖ"/ TORC1 5˛5ˑɱĩń1"/Õ(5ąȰ̃
¸ńɕĺ4E-/NSiA5ȈƉʨ"̛ō!IH1ĳĚ!I/*̈́ Neklesa and 
Davis, 2009; Kira et al., 2014 ͅ(0NPR21 NPR35̃¸ńɕĺǞLÁʶ"U
o{NcȈƉLȚŉ"*>%CFP*Li1"/Uo{NcȈƉL
Țŉ"*1Jnpr2∆ǞE9 npr3∆Ǟ06 NSiA1 PSiA5ȈƉ1B4ʨ"ư3
KI*̈́Fig. 24A and 24B ͅ>*GFP-Atg85}fb[OlfQBĔǧ4ʯ-*
1J(I)I5̃¸ńɕĺ4E-/ GFP-Atg85Ɇȴ̍E9˼̨ GFP5ʩɣ̍
%I5ˍŗǒµ0BȖř"*̈́Fig. 24C ͅ5ʂǗFɦɼ̻̾ĔǧPSiA B
TORC14E-/ˍŗïſ!IH1əģ!I* 
 >*TORC15̛ōò0H rapamycinLȷʗıĮ:ȓø$H1őǝ̽ǒµ0
BUo{Ncˍŗ!IH1ɑFI/Ḧ́Noda and Ohsumi, 1998 ͅ(
0SDıĮ1 SDPıĮ4 rapamycinLȓø"/ pho91∆Ǟ4H CFP*5}fb
[Lri"*SD ıĮ4 rapamycin Lȓø"*ǈ6CFP*5}fb[
̹ʨ4GĳĚ˶G4Uo{Ncˍŗ!IH1ɗˌ!I*̈́Fig. 25 ͅ







3-2 PSiAˍŗ6 Atg1ʷē¿5ŶƖ4ÅŅ$H 
 
 TORC1 6(5XqgȈƉ4E-/Uo{Nc5ˍŗ̗ŁLơ Atg1 ʷē¿
5ŶƖLïſ$Ḧ́Kamada et al., 2000 ͅAtg1ʷē¿6XqgȈƉLƤ. Atg1
TORC15ɋƭɇ3Ĳˡ13H Atg13("/ŶƖ!I* Atg1ʷē¿ĔĻLǚǫ"/ˣ








ĺǞ4/ NSiAE9 PSiA5ˍŗňÜ4̛ō!I*̈́Fig. 26A ͅUo{N_
hʞ4ʂē"/ȏʙ:˫˳!IH GFP-Atg8 Li1"/Ĕǧ5ˀǖLʯ
-*1Jatg1∆Ǟ1 atg13∆Ǟ06ɦɼ̻̾E9̻̉̾4H˼̨ GFP 5
ʩɣňÜ4ǭư"*̈́Fig. 26B ͅ(I4ŕ"/atg17∆Ǟ06%I5ǒµ0B˼
̨ GFP 5b[q6ʿœ!I*B55ʾǞ1Ǹ˩$H1(5b[qŴŭ6ų3
-*̈́ Fig. 26B ͅAtg17̻̾ÅŅɇ3Uo{Nc4Ȯɀɇ3ĩń0H54ŕ"
Atg1 1 Atg13 6őǝ̽ǒµ5 Cvt ʁ˥ˍŗ4B̙$H1ɑFI/H
̈́Kamada et al., 2000 ͅAtg86 Cvtʁ˥4H˫˳ŘʙŶƖ4Bîȹ!IH1
Fatg17∆Ǟ0ʩɣ$H˼̨ GFP6 Cvtʁ˥4ÅŅ"*B50HđʚƉʔFI
*̈́Shintani and Klionsky, 2004; Sawa-Makarska et al., 2014 ͅ 
 >*TORC1 ÅŅɇ3 Atg13 5ʜ̉ÿȯƓLˑ;H*A4̌ȷǞE9




K%3vpb{oʻFI*̈́Fig. 27 ͅĔǧ5ˀǖL pho91∆Ǟ4/ʯ-*
1J̻̉̾ǈ5vpb{oȮɀɇ4È˺!I30 é̘5ˍŗ0ʜ̉




3-3 Atg11 PSiA5ˍŗ4đǭ0H 
 
 Ǯ4èʥ̈Ƕ0Ɇʻ!I*̂ƟɇUo{NcǬǦ0H Cvt ʁ˥4ɏɊ"*
Cvtʁ˥6Uo{NcǬǦLîȹ"*ȏʙ̈ɼ5˫˳ʁ˥0GÝ˶5Uo{
Nc̙˹iwZˡLîȹ"/H4BKF%őǝ̽ǒµ0BǬʚ$H
Cvtʁ˥5ʹ3ɣʦ Ape1ʷē¿4 Atg19ʂē"* Ape1-Atg19ʷē¿̈́Cvt ʷē
¿ LͅˤĴ1"/Atg11L®"/ Atg1C Atg9L6#A1"*Uo{N_hʞ
5ŶƖ4ƅʹ3ĩń(5ěˮ4Zo!IḦ́Fig. 22 ͅŽ-/őǝ̽ǒµ
4HUo{Nc̙˹5˫˳6 Atg19 C Atg11Ape1 ʷē¿ÅŅɇ4ˢH
̈́Shintani and Klionsky, 2004 ͅɦɼ̻̾ǒµ0Ĥ̭Ɵɇ3Uo{Nc4
6 Atg19 C Atg11Ape1 ʷē¿6ƅʹ31ĳĚ!I/Ḧ́Kim et al., 2001; 
Scott et al., 2001 ͅ(0̻̉̾ǒµ0BĔǧ5ʂǗžFIHˑ;H*A
4ATG11 1 ATG19 5̃¸ńɕĺǞLÁʶ"CFP*E9 GFP-Atg8 5}fb
[OlfQLʯ-*(5ʂǗ2,F5iiwZˡ0B atg19∆Ǟ4
HUo{NcȈƉ6ɦɼ̻̾̻̉̾1B4ʾǞ1Ĕɬ0-*̈́Fig. 28 and 
29 ͅ""3FʡĜȑ14atg11∆Ǟ4H CFP*5}fb[6ɦɼ̻
̾06Ŀ3˿ʻFI354ŕ"/̻̉̾06˼̨ CFP 5ʩɣ<1M
2ʻFI3-*̈́Fig. 28 ͅ>*GFP-Atg8Li1"/ atg11∆Ǟ5Uo
{NcȈƉLˑ;H1ɦɼ̻̾06ˍŗ 4ǈ̘Ɋ5}fb[ȳ6ʾǞ5 2/3ɡ
ŭ4¾"*̈́Fig. 29 ͅ""̻̉̾06ˍŗ 8ǈ̘Ɋ4/ʾǞɹ 80%
5}fb[Lə"*54ŕ"/atg11∆Ǟ06˼̨ GFP5ʩɣňÜ4̛ō!I
*̈́Fig. 29 ͅ5 atg11∆Ǟ4H Atg135ʜ̉ÿȯƓLˑ;*1Jɦɼ̻
̾̻̉̾ǒµ1B4 Atg135vpb{o6ʾǞ15˿6ʻFI%!F4
%I5ǞB 2 ǈ̘5̻̉̾ˍŗ5ż4̉Lȓø$H1 Atg13 à9̉
ÿ!I*̈́Fig. 30 ͅ²×5ʂǗFATG115̃¸ńɕĺ6̻̉̾5ƒɑ4Ÿ̰
L%Atg13ʜ̉ÿ!I*ż4 Atg11ƅʹ13H1əģ!I* 
 èʥ̈Ƕ46 Cvtʁ˥5¯4o^pO5éˀLơ mitophagy1UXb
h5éˀLơ pexophagy 325̂ƟɇUo{NcŅĭ$HCvt ʁ˥4
H Atg191Ĕ#E4o^pO5Ľʞ5 Atg32CUXbhʞ5 
Atg36  Atg11 1ʂē$H10̂Ɵɇɣʦ1 Atg1 Xqg5Ɍ¦ÁȹL´®$H









1ɑFI/Ḧ́Fig. 31Ä́ͅ Yorimitsu and Klionsky, 2005; Aoki et al., 2011 ͅ(
0Atg11 5 CC4 ²Ľ5̶İ PSiA Lˢ$54āéˑ;H*A4CC4 pQ
Lǭư!&*ļɀį Atg11(1-859)LÁʶ"/ atg11∆Ǟ:ŗÛ"(5ȈƉLˑ;*
>%Atg11(1-859)5ŗÛǞ4H Cvt ʁ˥5ˍŗLʿœ"*Ape1 5ñ̿¿0
H prApe16ȏʙ:˫˳!I*ż}}kp̶İȏʙÞ}mOg4E-/̠
Ċ!I/ƖȨį5 mApe14ļƯ!IḦ́Fig. 22̈́ͅ Lynch-Day and Klionsky, 2010 ͅ
5 Ape1 5}fb[LƥǨ4Ape1 Ɲ¿4EHRSdi|loˀǖ4E-
/ Ape1˫˳Lˑ;*1JʾǞ06 mApe15b[qȡǣè!I*54ŕ"
/atg11∆Ǟ06vpb{oʻFI31F Cvtʁ˥ňÜ4ǭư!I*1









3-4 ǝ̻̽̾ÅŅɇ3 Atg295̉ÿ1 PSiAȈƉÿ5̙Ç 
 
 ˰ũ5ɓɥ4EGAtg174Ɗŧɇ4ʂē$H Atg296ɦɼ̻̾ǈ4̉ÿ!IH




1 PSiA 5ˍŗ6Ý4ʨ"ư3KIȮ4̻̉̾06˼̨ CFP 5b[q6ǣ




34B and 34C ͅ²×5ʂǗFAtg296%I5ˍŗǒµ0BUo{Ncˍŗ
4ƅʹ0HNSiA EGB PSiA 5ǁ Atg29 4ŕ$HÅŅŭ͂1əģ!
I* 
 Ǯ4Atg29-6×HA LɆȴ$ȞȷǞE9 pho91∆ǞLÁʶ"RSdi|l
oˀǖ0 Atg295̉ÿȯƓLˀǖ"*(5ʂǗSDıĮ0Bˍŗ 6ǈ̘ɊF
̉ÿ!I* Atg29̈́Atg29-Pͅ5b[qèȴ"*B55ɦɼ̻̾E9
̻̉̾06 SD ıĮEGBǃˍŗǈ̘F Atg29-P 5b[qʿœ0*̈́Fig. 
35A ͅ(5b[qŴŭF Atg295̉ÿȳLɯè"/̌ȷǞ1 pho91∆Ǟ4
H̉ÿ5˺ʯLǸ˩"*1Jɦɼ̻̾06˿ʻFI354ŕ"/
̻̉̾06 pho91∆Ǟ5ǁ̉ÿ5˺ʯǃ-*̈́Fig. 35B ͅ5ʂǗF
Atg295̉ÿ1 PSiAˍŗ5ȈƉÿ6Ɍ̙̙Ç4H1əģ!I* 
 Atgĩń5̃¸ńɕĺǞ4H Atg29̉ÿ5ˀǖ6ʯKI/3-*(
0Atg29 1Ɗŧɇ4ʷē¿LŶƖ$H Atg17 E9 Atg29-P 1Ɍ¦Áȹ$H Atg11
4ɏɊ"(5̃¸ńɕĺ4EH Atg295̉ÿ:5Ÿ̰Lˀǖ"*(5ʂǗˍ
ŗǒµ4̙KF% atg17∆Ǟ06 Atg29-P 5b[q>-*ǣè!I3-*1
FAtg295̉ÿ46Ɗŧɇ3 Atg17-Atg29-Atg31ʷē¿5ŶƖƅʹ0H
1əģ!I*̈́Fig. 36 ͅ>*atg11∆Ǟ06ɦɼ̻̾4H Atg29̉ÿ5˺
ʯ6˻Ů$HB55ˍ ŗ 4ǈ̘Ɋ46ʾǞ1Ĕɡŭ>0 Atg296̉ÿ!I*̈́ Fig. 
36 ͅǁ̻̉̾06ˍŗ 4ǈ̘Ɋ4/ʾǞɹ 30%5̉ÿȳLə$5




Áȹ5ŕ˙13H Atg11ƅʹ0H1("/ Atg296 Atg115 CC4pQ²
Ľ5̶İ1Ɍ¦Áȹ$HđʚƉʔFI* 
 
3-5 PSiA4H Cvtʁ˥Ȯɀɇ3ʞŘʙ5˫˳ʁ˥5̙ 
 
 Atg11 6̨̤ʞǀȷ5ʞÄʃț1"/Ǭʚ$H Atg9 1Ɍ¦Áȹ$H1ĳĚ!I
/Ḧ́ He et al., 2006 ͅ_c¿FŶƖ!I* Atg9Řʙ6̨̤ʞǀȷ5Ĵ̈́ PASͅ
1ɾʙˡÞ0ʷƺ5ƽȤ1"/ʿœ!IH^woö́Atg9 reservoirsͅLʯ
Ǔ$Ḧ́Reggiori et al., 2004; Yamamoto et al., 2012 ͅ5 Atg9 reservoirs6ǎˀ
 55 
ǅ3Ȥľ˰ ũ5ɓɥ4E-/TphF_c¿:5ʞŘʙ5˫˳ʁ
˥ Cvt ʁ˥Ȯɀɇ3 Atg9 reservoirs 13H1ĳĚ!I*̈́Shirahama-Noda et al., 
2013 ͅ(0Tph_c¿̘5˫˳ʁ˥4̙$H 5ɢ̺5ĩń̈́ Trs85
Vps51Tlg2Cog5Cog6ͅ4ɏɊ"* 
 Trs85 6 TRAPPIIḮ transport protein particleͅʷē¿ Vps51 6 GARP
̈́Golgi-associated retrograde proteinͅʷē¿Cog5 1 Cog6 6 COG̈́conserved 
oligomeric Golgiͅʷē¿L(I)IǦƖ"SNAREiwZˡ Tlg26 Vps51-Tlg1̘
5Ɍ¦ÁȹL®"/GARPʷē¿1Ɍ¦Áȹ$Ḧ́ Conibear et al., 2003; Loh and Hong, 
2004; Barrowman et al., 2010; Lynch-Day et al., 2010 ͅIF5ĩń6Tph
F_c¿:5ʞŘʙ˫˳4̙KH11B4 Cvt ʁ˥Ȯɀɇ3̙BĳĚ!I/
*1F>%̃¸ńɕĺǞ4H Ape15}fb[Lˀǖ"*̈́ Abeliovich et 
al., 1999; Reggiori et al., 2003; Yen et al., 2010; Shirahama-Noda et al., 2013 ͅ(5ʂ
Ǘőǝ̽ǒµ4H Ape1ƖȨÿ trs85Ǟvps51∆Ǟtlg2∆Ǟ0ʨ"ư3K




5 1/4 <25ƖȨÿ"ə!3-*̈́Fig. 38B ͅIF 5 ɢ̺5̃¸ńɕĺǞLȹ
/ CFP*}fb[OlfQLʯ-*1Jɦɼ̻̾06 trs85∆ǞL̠ 4ɢ̺
5̃¸ńɕĺǞ0Ŀ3ļÿʻFI3-*̻̉̾06$;/5Ǟ0Uo
{NcȈƉʨ"̛ō!I*̈́Fig. 39 ͅĔǧ4 GFP-Atg85i1"/ˀ
ǖ$H1trs85∆Ǟ06ɦɼ̻̾̻̉̾1B4i5}fb[ʨ"
̛ō!I*B55cog5∆Ǟ1 cog6∆Ǟ06ǒµ0ʾǞ15˿6ʻFI3-*















ƅʹ3ĩńɆʻ!I/Ḧ́Fig. 20A ͅPSiA5ˍŗ Cvtʁ˥Ȯɀɇ3ʞŘʙ˫˳
ʁ˥4ÅŅ$H1ǅF13-*1FCvt ʁ˥5ˍŗ4ƅʹ3 Atg ĩń
̈́Atg21Atg20Atg24Atg23Atg27ͅ5̃¸ńɕĺ PSiAˍŗ425E3Ÿ̰
LČ=$ˑ;H*A43-5̳1Ĕǧ5ˀǖLʯ-* 
 Atg21 6^O Atg iwZˡ Atg18 5w[0GAtg18 Uo{Nc1
Cvtʁ˥5ǁ5ˍŗ4̙$H54ŕ"/ Atg216 Cvtʁ˥5ˍŗ4/Ȯɀɇ4
Ǭʚ"Atg81 PE5ʂē4̙$H1ĳĚ!I/Ḧ́Strømhaug et al., 2004; Nair 
et al., 2010; Juris et al., 2015 ͅŋ̥4 atg21∆Ǟ4ŕ"/ GFP-Atg85}fb[O
lfQLʯ-*1J˼̨ GFP 5b[q6èȴ"3-*̈́Fig. 43 ͅatg21∆Ǟ
4H Ape15}fb[Lˑ;H1ĳĚ!I*˶Gőǝ̽ǒµ0 Ape15Ɩ
Ȩÿ6ʻFI%ɦɼ̻̾ˍŗ4E-/(5̛ō6ʾǞ5 60%ɡŭ>0Ĩƀ"*
̻̉̾06<1M2Ĩƀ"3-*̈́Fig. 41 ͅ("/Ĕǧ4 CFP*Li
1"/Uo{NcȈƉLȚŉ$H1ɦɼ̻̾06ˍŗ 4ǈ̘Ɋ46ʾǞ5 60%
ɡ5ȈƉLə"*B55̻̉̾06˼̨ CFP 5b[q6<1M2ǣè!I3
-*̈́Fig. 42 ͅ 
 Atg20̈́Snx42ͅ1 Atg24̈́Snx4ͅ6¦4Ɍ¦Áȹ"3-5 ̳5ʞ˫˳ĩń1Ĕǧ
4TphF_c¿:5˴ʯ˫˳ʁ˥4̙KHhmP[tXb1"/
Ǭʚ$Ḧ́Hettema et al., 2003 ͅ>*Atg20-Atg246 Atg111Ɍ¦Áȹ$H10
Cvtʁ˥5̂Ɵɇɣʦ1ʂē"Cvtʁ˥5ˍŗ4̙$Ḧ́Nice et al., 2002 ͅI
F5̃¸ńɕĺǞ06őǝ̽ǒµǈ5 Ape15}fb[6̛ō!IHɦɼ̻̾
ˍŗE9̻̉̾ˍŗ4E-/ Ape1 5ƖȨʾǞ1Ĕɡŭ4>0Ĩƀ"*̈́Fig. 
41 ͅ>*CFP*06ǒµ0ʾǞ15ǌƑ3š6ʻFI3-*54ŕ"GFP-Atg8
06ɦɼ̻̾̻̉̾1B4}fb[̛ō!I*̈́Fig. 42 and 43 ͅ 
 Atg231 Atg2761B4 Cvtʁ˥+03ǰŧ3Uo{Ncˍŗ4Bƅʹ3
AtgiwZˡ0Ḧ́Tucker et al., 2003; Yen et al., 2007 ͅ˰ũUo{N_h
ŶƖ4̙$H 24ɢ̺5 ATG̃¸ń5ľ̋ɕĺǞLȹ*ɓɥ4EGCvtʁ˥5
ɣʦ13H Ape11 Atg95Ýśĭ4ǋ¾̞ƅʹ3 Atgĩń Atg11Atg19Atg23
Atg275 4ɢ̺5 Atgĩń0H1ǅF13-*̈́Backues et al., 2015 ͅ("
/Atg231 Atg276 Atg9Řʙ5ŶƖC̨̤ʞŶƖ5Ĵ̈́PASͅ:5Zo4
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̙$H1əģ!I*5 2ɢ̺5̃¸ńɕĺǞ06 atg20∆ǞC atg24∆Ǟ1Ĕ
#E4őǝ̽ǒµ4/̛ō!I* Ape15}fb[ɦɼ̻̾C̻̉
̾4E-/ʾǞɡŭ4>0Ĩƀ"*̈́Fig. 41 ͅIF5̃¸ńɕĺǞ4ŕ"/ CFP*
5}fb[OlfQLʯ-*1JNSiA5ȈƉʨ"̛ō!IH atg23∆Ǟ4
ŕ"/ atg27∆Ǟ06K%3¾"ʻFI31˿6HB55%I5
Ǟ0B PSiA 5ˍŗ6<1M2ʻFI3-*̈́Fig. 42 ͅĔǧ4 GFP-Atg8 L
i1"/Uo{NcȈƉLȚŉ$H1%I5̃¸ńɕĺǞ0B PSiA5ˍŗ
6ʨ"¾"*̈́Fig. 43 ͅ 
 ²×5ˀǖʂǗL 3-5̳1Ĕ#E4.5ʲ4>1AʾǞ1Ǹ˩"*1J(I
)I5̃¸ńɕĺ4EHUo{Ncˍŗ:5Ÿ̰6 NSiAEGB PSiA5ǁĿ





























 Atg1ʷē¿̈́ Atg1-Atg13-Atg17-Atg29-Atg31 ͅE9 Atg9Řʙ0Hɪ¥ɨ06
5 2ɢ̺5 AtgiwZˡʑ4ɏɊ"NSiAC Cvtʁ˥5ˍŗǬǦ1Ǹ˩$H1
0 PSiA5ˍŗVre5ˀǖ4ďGʀM+ 
 
4-1 TORC15 PSiAˍŗ:5̙ 
 
 NSiA 5ˍŗ6ɦɼț5Ǚȕ4Ɔɮ"* TORC1 Xqg5ȈƉÿF̗Ł!IH
̈́Noda and Ohsumi, 1998 ͅTORC1ȈƉÿ!IH1 Atg136˷C4ʜ̉ÿ
!IAtg1C Atg1715Ɍ¦Áȹ̄½̫è"/ʷē¿5ŶƖʯKIḦ́ Kamada et 
al., 2000; Kamada et al., 2010; Yamamoto et al., 2016 ͅǐɓɥ06TORC15˛5ï
ſĩń̈́NPR2 E9 NPR3ͅC Atg1 ʷē¿5ǦƖĩń̈́ATG1ATG13ATG17ͅ
5̃¸ńɕĺ4EHUo{NcȈƉ:5Ÿ̰E9 Atg135ʜ̉ÿȯƓLˑ
;H10PSiA 1 TORC1 5̙ÇƉLˑ;*(5ʂǗ5 ɢ̺5̃¸ńɕĺǞ0
6ɦɼ̻̾E9̻̉̾4EHUo{NcȈƉʨ"̛ō!IH1("
/̻̉̾4Ɔɮ"/ Atg13 ʜ̉ÿ!IH1LǅF1"*̈́Fig. 24, 26 
and 27 ͅ²×5ʂǗFNSiA1ĔǧPSiA5ˍŗ4/B TORC1ÅŅɇ3 Atg1
ʷē¿5ŶƖđǭ0H1əģ!I*""npr2∆ǞE9 npr3∆Ǟ4
H GFP-Atg8 5}fb[OlfQ5ʂǗFIF5̃¸ńɕĺǞ06
GFP-Atg85Ɇȴ̍ʾǞEGȖř"*̈́Fig. 24C ͅ(5*Anpr2∆ǞE9 npr3∆
Ǟ4HUo{NcȈƉ̈́CFP*5}fb[ͅ5¾6 Atg8̍5ȖřĈĩ
0Űˢ!I*đʚƉBʔFI*­żPSiA4H TORC11 Atg8Ɇȴ5̙
ÇCnpr2∆ǞE9 npr3∆Ǟ4H Atg135ʜ̉ÿȯƓ5ˀǖƅʹ0H 
 ̻̉̾ˍŗ4E-/ Atg13 6ʜ̉ÿ!I*B55˷C4 Atg13 ʜ
̉ÿ!IHɦɼ̻̾1Ǹ˩"/(5˺ʯ6ʨ"˻-*̈́ Fig. 27 ͅ5ʂǗF
̻̉̾06 Atg1ʷē¿5ŶƖûȳ¾1¤Ɛ!I*Atg1ʷē¿6 Atg17
ÅŅɇ4ˣéńǦ˸¿LŶƖ"ʠŢ̉ÿ4E-/ Atg1 Xqg5ȈƉÿÈ˺
!IḦ́Yamamoto et al., 2016 ͅAtg15XqgȈƉ5ȷȵɇ3ĲˡCUo{Nc
ˍŗ4HŹõ6ǎ+ǅ3Ȥľ(5Ĳˡ5.1"/ Atg9 ĳĚ!I
 59 
*̈́Papinski et al., 2014 ͅAtg96 Atg131Ɍ¦Áȹ$H10 Atg9Řʙ1"/ Atg1
ʷē¿1ʂē"¯ 5 AtgiwZˡCʞʮē4ƅʹ3 SNAREiwZˡ5Z
o+03̤ ̨ʞǀȷ5̥5ʞƖé5Ä4̙$Ḧ́ Nair et al., 2011; Yamamoto 
et al., 2012; Suzuki et al., 2015 ͅ("/Atg95̉ÿ6 Atg1ʷē¿15Ɍ¦Áȹ
4̙&%PAS ŶƖ5xTX50 Atg9 5ȉ4H Atg18 ʷē¿C Atg8









̈́Ape1-Atg19ʷē¿ ͅ Atg1̧ɣ5ˤĴ13Ḧ́ Shintani and Klionsky, 2004 ͅAtg11
 Atg19 1 Atg1 LʍOj}i1"/Ǭʚ$H10 Atg1 5XqgȈƉÿ!
IḦ́Kamber et al., 2015 ͅÙʯɓɥ4E-/Atg191 Atg116̭̂ƟɇUo{
Nc5ˍŗ4̙"31ĳĚ!I/*̈́Fig. 28̈́ͅ Kim et al., 2001; Shintani 
and Klionsky, 2004; Chang and Huang, 2007 ͅ""3FʡĜȑ14atg11∆
Ǟ06 PSiAˍŗʨ"̛ō!I*̈́Fig. 28 and 29 ͅ(5*AI>0̭̂Ɵɇ
Uo{Nc4ʹ1ʔFI/* Atg11ˍ ŗ5¾ PSiA4/̋
ʹ3ŹõLơ1əģ!I*>*atg19∆Ǟ06 PSiA ȈƉ4Ÿ̰ʻFI%
C ǏɩÒ5ɣʦˌ˕̄½̈́CC4 pQͅLǭư!&* Atg11(1-859)5ŗÛ4E-/
atg11∆Ǟ4H PSiA5ǭư̄éɇ4Ĩƀ"*̈́ Fig. 28, 29, 32 and 33̈́ͅ Yorimitsu 
and Klionsky, 2005 ͅ²×5ʂǗFAtg11-Atg19̘5Ɍ¦ÁȹL®"/ Atgiw
Zˡ5̧ɣ5Ĵ13H Ape1ʷē¿6 PSiA4ƅʹ3CC4pQ²Ľ5̶İ̋
ʹ0H1ʔFI* 
 Atg116(5̆ëÞ5 CC2E9 CC3pQL®"/ Atg11CC1E9 CC2
pQ̈́ H6 CC2pQ5? Lͅ®"/ Atg91Ɍ¦Áȹ$H10 Cvtʁ˥
5ˍŗ4̙$H1ĳĚ!I/Ḧ́Fig. 31Ä́ͅ Yorimitsu and Klionsky, 2005; Chang 
and Huang, 2007 ͅ>*Atg116 Atg171ʂē$H1ə!I/*!F3
Hɓɥ4E-/ Atg17 6̉ÿ!I* Atg29 L®"/ Atg11 4ʂē$H1ǅF
4!I*̈́Mao et al., 2013 ͅIF5 AtgiwZˡ6 NSiA5ˍŗ˽ɡ06ʜ
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 Atg111 Atg176ǧ3Ɏʧ̺4ÊŅ!IH Atgĩń0H(IF5Uo{N
cǬǦ:5̙6ƅ%"BĔ#063Ã7ʖȩƉ̈Ƕ Kluyveromyces 
marxianus06ATG11H6 ATG175ąȰ̃¸ńɕĺ4E-/ NSiAˍŗ6̄é
ɇ4̛ō!I¥̋̃¸ńɕĺ4E-/ NSiAňÜ4̛ō!IḦ́Yamamoto et al., 
2015 ͅ51FK. marxianus06 Atg111 Atg17-Atg29-Atg31ʷē¿5Ǭʚ
̋ʷ"/H1ʔFIHǁéʳ̈Ƕ Schizosaccharomyces pombe 06
ǐɓɥ4H PSiA1Ĕ#E4Atg111 Atg175ǁ NSiAˍŗ4ƅ̵0H
1ĳĚ!I/Ḧ́Sun et al., 2013 ͅ¯4BbQsqeq Arabidopsis thaliana
Cʊʬ Caenorhabditis elegans 0B Atg11 6ÊŅ!I/GA. thaliana 06 Atg11
̭̂Ɵɇ3Uo{Nc1 mitophagy5ǁ4ƅʹ0H54ŕ"/C. elegans
06 Atg11̈́ EPG-7ͅ6ƺɢ̺5iwZˡ5å̧ȭLȮɀɇ4éˀ$HUo{Nc













ȷ5ìǍǴ̣4HʞÄʃ4ʞƖé0H PE1ʂē"/ PAS:̧ɣ$H Atg8
̨̤ʞ5º̕E9̨̤ʞǏɩĔĻ5ʮē4(I)Iŏ$H1ʔFI/Ḧ́Xie 




 NSiA1 Cvtʁ˥06 Atg1Xqg5ȈƉÿǬǦ+03¥̋ʞǦ˸¿5ŶƖ4
îȹ!IHʞÄʃț4B˿H.>GTphF_c¿:5Řʙ˫˳
ʁ˥ Cvtʁ˥4ƅʹ0GNSiA46ìǍiwZˡéȁʁ˥̈́ Řʙ¿_c¿̘
_c¿Þ˫˳ͅ̋ʹ3ŹõLǗ*"/H1ɑFI/Ḧ́Hamasaki et al., 
2003; Geng et al., 2010; Shirahama-Noda et al., 2013 ͅǐɓɥ06Tph
F_c¿:5˫˳4̙KH TRAPIIIʷē¿̈́ Trs85 ͅGARPʷē¿̈́ Vps51 ͅSNARE
iwZˡ̈́Tlg2 ͅCOGʷē¿̈́Cog5E9 Cog6ͅ PSiA4B̙$H1Lǅ
F1"*̈́ Fig. 38, 39 and 40 ̈́ͅ Reggiori et al., 2003; Yen et al., 2010; 
Shirahama-Noda et al., 2013 ͅ3ɢ̺5ʷē¿6$;/TphȻǓ5ŘʙL_
c¿:ʍȾ!&HŹõLơ1ĳĚ!I/GSNARE iwZˡ Tlg2 6
Tlg1-Vps51̘5Ɍ¦ÁȹL®"/ GARPʷē¿1ʂē"ʍȾ!I*Řʙ5_c¿




2Ĩƀ"3-*1FTrs85L PSiAȮɀɇĩń1"/ʔ*̈́ Fig. 38 ͅ""
̭̂Ɵɇ3ɣʦ13H CFP*CUo{N_h5ŶƖÅŅɇ4ȏʙ:˫˳!IH
GFP-Atg85}fb[ûȳ6%I5ˍŗǒµ0B trs85∆Ǟ4/ʨ"̛ō!
I*̈́Fig. 39 and 40 ͅTrs85Ȯɀɇ4ʂē$H TRAPIIIʷē¿6 Rab{N
GTPase0H Ypt15ȈƉLˑɱ$H[OrsZUkpªƯĩń̈́GEF, guanine 
nucleotide exchange factorͅ1"/Ǭʚ$HYpt16Řʙʞ5ʍȾ3F94ʞʮē3
2Řʙ˫˳4Hʷƺ5ȴ˙Lïſ$H GTPase 0GGEF 4E-/ȈƉį
̈́GDPʂēįͅFȈƉį̈́GTPʂēįͅ:ļƯ!IḦ́Segev et al., 1988; Jones et 
al., 2000 ͅ˰ũAtg11(5̆ëÞ5 CC2E9 CC3pQL®"/ Ypt11Ɍ
¦Áȹ"Trs85-Ypt1-Atg11̘5Ɍ¦Áȹ Atg15 Ape1ʷē¿̈́H6 PASͅ:
5ZoE9Uo{NcȈƉÿ4ƅʹ0H1ĳĚ!I/H
̈́Lipatova et al., 2012 ͅ(5*ATrs85LTph_c¿̘5˫˳ʁ˥̙˹
ĩń1"/+03Ypt1-Atg11̘5Ɍ¦ÁȹLïſ$H GEF1"/Bʔ(5
̙Lˋɾ4ˀǖ"3I73F3̈́Fig. 28, 29, 39 and 40 ͅ 
 Cvtʁ˥1Uo{Nc5ûȳɇ3ˍŗ4̙$H Atg231 Atg27E9 Cvtʁ
˥Ȯɀɇ3ǬʚLƤ. Atg215̃¸ńɕĺǞ06 NSiA²×4 PSiA:5Ÿ̰Ŀ




̈́Yamamoto et al., 2012; Backues et al., 2015 ͅ>*Atg96 TORC1ȈƉÿ!
IH1(5Ɇȴ̍Ĺø$H1("/ǦƖɇ4 Atg9L͂Ɇȴ!&H1 atg23∆Ǟ1
atg27∆Ǟ4H Ape15ƖȨÜĨƀ$H1ə!I/*̈́Yamamoto et al., 
2012; Backues et al., 2015 ͅ̻̉̾06 TORC15ȈƉÿ¾1
FAtg95Ɇȴ̍ɦɼ̻̾ǈ<2×Ǆ"31 atg23∆Ǟ1 atg27∆Ǟ0 PSiA
ˍŗ!I3Ĉĩ5.+1ʔFI*̈́Fig. 25 and 27 ͅ>*Atg96 Atg15Xq
gȈƉ4E-/̉ÿ!IAtg18L Ape1ʷē¿̈́ H6 PAS :̧ͅɣ$H
˰ũ Atg18 5w[0H Atg21 5̧ɣ4B Atg9 ƅʹ0H1ə!I*
̈́Papinski et al., 2014; Juris et al., 2015 ͅAtg181 Atg2161B4 Atg85 PEÿ4ƅ
ʹ3 Atgĩń0Hñʕ Cvtʁ˥1̭̂ƟɇUo{Nc52,F4Bƅʹ0
H54ŕ"/żʕ6 Cvtʁ˥Ȯɀɇ4Ǭʚ$H1ĳĚ!I/Ḧ́ Strømhaug et al., 
2004 ͅ˰ũőǝ̽ǒµ4/ǧ3 ATG ̃¸ń5˧áLƜï$Hĩń1"/





















Fig. 20 (A) Classification of Atg proteins by each function during non-
selective and/or selective autophagy. (B) Hierarchy diagram of core Atg 
proteins.
Fig. 21 TORC1-dependent activation of autophagy in response to an 
environmental nitrogen concentration.
Fig. 22 A schematic model of Cvt pathway.
Fig. 23 Involvement of Atg9 vesicle in the membrane dynamics of bulk 
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Fig. 24 Autophagic activity in strains deleted for genes involved in TORC1 
signaling pathway. (A) CFP* processing assay was performed as described in 
Fig. 6. (B) Quantification of free CFP from immunoblotting analysis of Fig. 24A. 
The intensities of free CFP signals were normalized with Pgk1 signals at each 
time points. The relative amount of free CFP in pho91∆ (WT) cells starved with 
nitrogen for 4 h was set to 100%. Error bars represent standard derivation of 
three independent experiments. ****p<0.0001. (C) GFP-Atg8 processing assay 
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Fig. 25 Autophagic activity of cells treated with rapamycin. After grown in SD 
medium, the pho91∆ cells expressing CFP* were transferred to fresh SD, SD−P 
medium, or those containing 0.2 µg/mL of rapamycin. CFP* processing assay 




0 1 2 3 4
pho91∆ 
SD−P SD−N 
0 1 2 3 4
atg1∆pho91∆ 
SD−P 
0 2 4 6 8 0 2 4 6 8
SD−N 
0 1 2 3 4
atg13∆pho91∆ 
SD−P SD−N 
0 1 2 3 4
atg17∆pho91∆ 
SD−P 












Fig. 26 Processing assay using CFP* and GFP-Atg8 in strains deleted for 
genes related to Atg1 complex. After grown in SD medium, the indicated cells 
expressing CFP* or GFP-Atg8 were transferred to SD−N and SD−P medium and 
the protein samples were analyzed by immunoblotting analysis as described in 






0 1 2 3 4
pho91∆ 
SD−P SD−N 
0 1 2 3 4
atg1∆pho91∆ 
SD−P 
0 2 4 6 8 0 2 4 6 8Time (h)
SD−N 
0 1 2 3 4
atg13∆pho91∆ 
SD−P SD−N 
0 1 2 3 4
atg17∆pho91∆ 
SD−P 






















Fig. 27 Dephosphorylation of Atg13 in response to a depletion of nitrogen 
or phosphate.  WT and pho91∆ cells expressing Atg13-6×HA were incubated in 
SD−N and SD−P and total cell lysates were subjected to immunoblotting analysis 
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Fig. 28 CFP* processing assay in strains deleted for genes related to 
adaptor or receptor proteins for several types of selective autophagy. CFP* 
processing assay was performed in indicated strains as described in Fig. 6. Error 
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Fig. 29 GFP-Atg8 processing assay in strains deleted for genes related to 
adaptor or receptor proteins for several types of selective autophagy. GFP-
Atg8 processing assay was performed in indicated strains as described in Fig. 5. 














Fig. 30 Dephosphorylation of Atg13 in atg11∆ cells. pho91∆ and 
atg11∆pho91∆ cells expressing Atg13-6×HA were incubated in SD−N and SD−P 
and total cell lysates were subjected to immunoblotting analysis probed with anti-
HA antibody.
Atg11

















Fig. 31 Atg11 mutant lacking cargo recognition domain. (A) Amino acid 
sequence of Atg11. Double arrows show interaction site for indicated Atg proteins 
(B) Ape1 processing assay in Atg11 mutant. pho91∆ cells harboring empty vector 
(pRS415) and atg11∆pho91∆ cell harboring empty vector, pRS415-3FLAG-
ATG11 and pRS415-3FLAG-ATG11(1-859) respectively, were grown in SD 
medium to an early log phase. Total cell lysates were subjected to 
immunoblotting analysis with anti-FLAG, anti-Ape1, and anti-PGK antibodies.
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Fig. 32 CFP* processing assay in Atg11 mutant strains. CFP* processing 
assay was performed in strains used in Fig. 31B as described in Fig. 6. Error 























<SD−N 4 h> <SD−P 8 h>
pho91∆ + empty vector atg11∆pho91∆ + empty vector
SD−N 
0 1 2 3 4
SD−P 
0 2 4 6 8 10
SD−N 
0 1 2 3 4
SD−P 




atg11∆pho91∆ + Atg11(WT) atg11∆pho91∆ + Atg11(1-859)
SD−N 
0 1 2 3 4
SD−P 
0 2 4 6 8 10
SD−N 
0 1 2 3 4
SD−P 























Fig. 33 GFP-Atg8 processing assay in Atg11 mutant trains. GFP-Atg8 
processing assay was performed in strains used in Fig. 31B as described in Fig. 
5. Error bars represent standard derivation of three independent experiments. 
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Fig. 34 Autophagic activity in atg29∆ strain. Processing assays using (A) 
CFP* and (B) GFP-Atg8 were performed in pho91∆ (open, solid line) and 
atg29∆pho91∆ (closed, dashed line) cells as described in Fig. 6 and Fig. 5, 
respectively. (C) Quantification of signals from immunoblotting analysis of Fig. 
34A and 34B. Autophagic activities were calculated as described in Fig. 6 and 
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Fig. 35 Phosphorylation of Atg29 in response to a depletion of nitrogen or 
phosphate. (A) WT (open, solid line) and pho91∆ (closed, dashed line) cells 
expressing Atg29-6×HA were grown in SD medium to an early log phase, and 
then transferred to SD−N (blue circle), SD−P (red triangle) and fresh SD (black 
square) medium. Total cell lysates were prepared at the indicated time points and 
analyzed by immunoblotting analysis probed with anti-A antibody. (B) 
Phosphorylation rate of Atg29 calculated from immunoblotting analysis of Fig. 
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Fig. 36 Phosphorylation of Atg29 in atg11∆ and atg17∆ strains. pho91∆ 
(open circle, solid line), atg11∆pho91∆ (closed triangle, dashed line) and 
atg17∆pho91∆ (closed square, dashed line) cells expressing Atg29-6×HA were 
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Fig. 37 Phosphorylation of Atg29 in Atg11 mutant strains. pho91∆ cells 
harboring empty vector (pRS416) and atg11∆pho91∆ cells harboring empty 
vector, pRS416-3FLAG-ATG11 and pRS416-3FLAG-ATG11(1-859) were used for 
the analysis. All of these express Atg29-6×HA and the analysis was performed as 
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Fig. 38 Ape1 processing assay in strains deleted for genes related to 
vesicle transport from endosome to the Golgi. (A) Indicated strains were 
grown in SD medium to an early log phase, and then transferred to SD−N and 
SD−P medium. Total lysates were prepared at the indicated time points and 
analyzed by immunoblotting analysis with anti-Ape1 antibody. (B) Quantification 
of signals from immunoblotting analysis of Fig. 38A. The intensities of prApe1 
and mApe1 were measured and the maturation rate of Ape1 (the rate of mApe1 
signal to the sum of prApe1 and mApe1) were shown in (B). Error bars represent 
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Fig. 39 CFP* processing assay in strains deleted for genes related to 
vesicle transport from endosome to the Golgi. CFP* processing assay was 
performed in indicated strains as described in Fig. 6. Error bars represent 
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Fig. 40 GFP-Atg8 processing assay in strains deleted for genes related to 
vesicle transport from endosome to the Golgi. GFP-Atg8 processing assay 
was performed in indicated strains as described in Fig. 5. Error bars represent 
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Fig. 41 Ape1 processing assay in strains deleted for Atg genes related to 
Cvt pathway. Ape1 processing assay was performed in indicated strains as 
described in Fig. 38. Error bars represent standard derivation of three 
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Fig. 42 CFP* processing assay in strains deleted for Atg genes related to 
Cvt pathway. CFP* processing assay was performed in indicated strains as 
described in Fig. 6. Error bars represent standard derivation of three independent 
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Fig. 43 GFP-Atg8 processing assay in strains deleted for Atg genes related 
to Cvt pathway. GFP-Atg8 processing assay was performed in indicated strains 
as described in Fig. 5. Error bars represent standard derivation of three 
independent experiments. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
 Ape1 maturation GFP-Atg8 processing CFP* processing 
 SD −N −P −N −P −N −P 
TRS85 − − − + − − − − − − − − − − − − 
VPS51 − − + − + − − − + − − 
TLG2 − − + + + − − − + − − − 
COG5 + + + + + + − − 
COG6 + + + + + + − − 
ATG21 − − − − − − − − − − − − − − − − − 
ATG20 − − + + + − + − 
ATG24 − + + − − + − 
ATG23 − − + + − − − − − − − − 
ATG27 − − + + + − + − − − 
Fig. 44 Summary of autophagic defects by single deletion of Cvt pathway-
related genes. Strains deleted for indicated genes were starved with nitrogen for 
4 h or phosphate for 8 h, and the autophagic activities were measured by 
processing assay using three reporters, Ape1, GFP-Atg8 and CFP*. The 
activities in mutants were normalized with those of WT cells under an identical 
condition and classified by the relative value. −−−:0-0.2; −−: 0.2-0.5; −: 0.5-0.8; +: 




























Hʞ˫˳̙˹ĩń PSiA 06̋ʹ3ŹõLơ1FNSiA 1 Cvt ʁ˥4(I)
IȮɀɇ3ˍŗVreȮ4 Atg171 Atg11LĄˑ!&H10 PSiAȈƉÿ!
IHđʚƉʔFI* 
 ̕̘Atg116̂ƟɇUo{Nc4Ȯɀɇ3ĩń1"/ʔFI/GAtg11
6 NSiA4̙"31$HɓɥʂǗƺľɆʲ!I/*̈́ Kim et al., 2001; Chang 
and Huang, 2007 ͅ""̭̂ƟɇUo{NcȮɀɇĩń ATG175ąȰ̃¸ń
ɕĺ06Ř!3Uo{N_hʿœ0ATG11 15¥̋̃¸ńɕĺ4E-/
 64 
(5ŶƖňÜ4ǭư!IH1̈́Cheong et al., 2008 ͅǝ̻̽̾ǈ4 Atg29L®"
/ Atg171 Atg11Ɍ¦Áȹ$H1̈́Mao et al., 2013ͅF̭̂ƟɇUo{N
c1 Atg115̙ÇƉ6²ñFɁKI/*(5*Aǐɓɥ4E-/ǅF13





06 mitophagÿ́o^pO ͅpexophagÿ́UXbh ͅribophagÿ́
h ͅERphagÿ́Řʙ¿ ͅnucleophagÿ́ǟͅɆʻ!I/HB55IF
̂ƟɇUo{Nc5ˍŗǒµ6ɦɼ̻̾0HÃ7mitophagy6¢̉Lą
ȣɼț1"*ıĮ̈́Slac ıĮͅF SDN ıĮ:pexophagy 6UQ̉ėǌıĮ
F SDNıĮ:ı̽ǒµLɠ$10(I)I5ˍŗˀǖ!I/Gribophagy
ERphagyE9 nucleophagy4̙"/6 SDNıĮ4EH̕ǈ̘5ˍŗ0ʿœ!I/
Ḧ́ Hutchins et al., 1999; Kraft et al., 2008; Kanki et al., 2009; Mochida et al., 2015 ͅ
Ȯ4PSiA 4EHUo{NclZnPÞ:5h5ďG˯?̪ń̹Ƃ̔
ʿœ0ɗˌ0*16ȃɊ4Ð$Hh6 RNA1iwZˡ5̧ē¿̈́ 1͐
1ͅ0G̈́Warner, 1999 ͅ˰ũNSiA 4E-/ RNA ȏʙ:˫˳!IȏʙÞ0
usZUkpLʁ/sZUbp>0éˀ!IH1ĳĚ!I*̈́Huang et al., 

















Abeliovich, H., Darsow, T., and Emr, S.D. (1999). Cytoplasm to vacuole trafficking of 
aminopeptidase I requires a t-SNARE-Sec1p complex composed of Tlg2p and Vps45p. 
EMBO J 18, 6005-6016. 
 
Aoki, Y., Kanki, T., Hirota, Y., Kurihara, Y., Saigusa, T., Uchiumi, T., and Kang, D. 
(2011). Phosphorylation of Serine 114 on Atg32 mediates mitophagy. Mol Biol Cell 22, 
3206-3217. 
 
Auesukaree, C., Homma, T., Tochio, H., Shirakawa, M., Kaneko, Y., and Harashima, S. 
(2004). Intracellular phosphate serves as a signal for the regulation of the PHO pathway 
in Saccharomyces cerevisiae. J Biol Chem 279, 17289-17294. 
 
Backues, S.K., Orban, D.P., Bernard, A., Singh, K., Cao, Y., and Klionsky, D.J. (2015). 
Atg23 and Atg27 act at the early stages of Atg9 trafficking in S. cerevisiae. Traffic 16, 
172-190. 
 
Barbet, N.C., Schneider, U., Helliwell, S.B., Stansfield, I., Tuite, M.F., and Hall, M.N. 
(1996). TOR controls translation initiation and early G1 progression in yeast. Mol Biol 
Cell 7, 25-42. 
 
Barrowman, J., Bhandari, D., Reinisch, K., and Ferro-Novick, S. (2010). TRAPP 
complexes in membrane traffic: convergence through a common Rab. Nat Rev Mol Cell 
Biol 11, 759-763. 
 
Bartholomew, C.R., Suzuki, T., Du, Z., Backues, S.K., Jin, M., Lynch-Day, M.A., 
Umekawa, M., Kamath, A., Zhao, M., Xie, Z., Inoki, K., and Klionsky, D.J. (2012). Ume6 
transcription factor is part of a signaling cascade that regulates autophagy. Proc Natl 





Berset, C., Trachsel, H., and Altmann, M. (1998). The TOR (target of rapamycin) signal 
transduction pathway regulates the stability of translation initiation factor eIF4G in the 
yeast Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 95, 4264-4269. 
 
Bonfils, G., Jaquenoud, M., Bontron, S., Ostrowicz, C., Ungermann, C., and De Virgilio, 
C. (2012). Leucyl-tRNA synthetase controls TORC1 via the EGO complex. Mol Cell 46, 
105-110. 
 
Brachmann, C.B., Davies, A., Cost, G.J., Caputo, E., Li, J., Hieter, P., and Boeke, J.D. 
(1998). Designer deletion strains derived from Saccharomyces cerevisiae S288C: a 
useful set of strains and plasmids for PCR-mediated gene disruption and other 
applications. Yeast 14, 115-132. 
 
Bru, S., Martínez-Laínez, J.M., Hernández-Ortega, S., Quandt, E., Torres-Torronteras, 
J., Martí, R., Canadell, D., Ariño, J., Sharma, S., Jiménez, J., and Clotet, J. (2016). 
Polyphosphate is involved in cell cycle progression and genomic stability in 
Saccharomyces cerevisiae. Mol Microbiol 101, 367-380. 
 
Cardenas, M.E., Cutler, N.S., Lorenz, M.C., Di Como, C.J., and Heitman, J. (1999). The 
TOR signaling cascade regulates gene expression in response to nutrients. Genes Dev 
13, 3271-3279. 
 
Chang, C.Y., and Huang, W.P. (2007). Atg19 mediates a dual interaction cargo sorting 
mechanism in selective autophagy. Mol Biol Cell 18, 919-929. 
 
Cheong, H., and Klionsky, D.J. (2008). Biochemical methods to monitor 
autophagy-related processes in yeast. Methods Enzymol 451, 1-26. 
 
Cheong, H., Nair, U., Geng, J., and Klionsky, D.J. (2008). The Atg1 kinase complex is 
involved in the regulation of protein recruitment to initiate sequestering vesicle formation 




Conibear, E., Cleck, J.N., and Stevens, T.H. (2003). Vps51p mediates the association 
of the GARP (Vps52/53/54) complex with the late Golgi t-SNARE Tlg1p. Mol Biol Cell 
14, 1610-1623. 
 
Crespo, J.L., Powers, T., Fowler, B., and Hall, M.N. (2002). The TOR-controlled 
transcription activators GLN3, RTG1, and RTG3 are regulated in response to 
intracellular levels of glutamine. Proc Natl Acad Sci U S A 99, 6784-6789. 
 
De Virgilio, C. (2012). The essence of yeast quiescence. FEMS Microbiol Rev 36, 
306-339. 
 
Ecker, N., Mor, A., Journo, D., and Abeliovich, H. (2010). Induction of autophagic flux by 
amino acid deprivation is distinct from nitrogen starvation-induced macroautophagy. 
Autophagy 6, 879-890. 
 
Feng, W., Wu, T., Dan, X., Chen, Y., Li, L., Chen, S., Miao, D., Deng, H., Gong, X., and 
Yu, L. (2015). Phosphorylation of Atg31 is required for autophagy. Protein Cell 6, 
288-296. 
 
Fujiwara, Y., Hase, K., Wada, K., and Kabuta, T. (2015). An 
RNautophagy/DNautophagy receptor, LAMP2C, possesses an arginine-rich motif that 
mediates RNA/DNA-binding. Biochem Biophys Res Commun 460, 281-286. 
 
Geng, J., Nair, U., Yasumura-Yorimitsu, K., and Klionsky, D.J. (2010). Post-Golgi Sec 
proteins are required for autophagy in Saccharomyces cerevisiae. Mol Biol Cell 21, 
2257-2269. 
 
Gueldener, U., Heinisch, J., Koehler, G.J., Voss, D., and Hegemann, J.H. (2002). A 
second set of loxP marker cassettes for Cre-mediated multiple gene knockouts in 
budding yeast. Nucleic Acids Res 30, e23. 
 
Hamasaki, M., Noda, T., and Ohsumi, Y. (2003). The early secretory pathway 
contributes to autophagy in yeast. Cell Struct Funct 28, 49-54. 
 68 
Hase, K., Fujiwara, Y., Kikuchi, H., Aizawa, S., Hakuno, F., Takahashi, S., Wada, K., 
and Kabuta, T. (2015). RNautophagy/DNautophagy possesses selectivity for RNA/DNA 
substrates. Nucleic Acids Res 43, 6439-6449. 
 
He, C., Song, H., Yorimitsu, T., Monastyrska, I., Yen, W.L., Legakis, J.E., and Klionsky, 
D.J. (2006). Recruitment of Atg9 to the preautophagosomal structure by Atg11 is 
essential for selective autophagy in budding yeast. J Cell Biol 175, 925-935. 
 
Hettema, E.H., Lewis, M.J., Black, M.W., and Pelham, H.R. (2003). Retromer and the 
sorting nexins Snx4/41/42 mediate distinct retrieval pathways from yeast endosomes. 
EMBO J 22, 548-557. 
 
Hohmann, S. (2002). Osmotic stress signaling and osmoadaptation in yeasts. Microbiol 
Mol Biol Rev 66, 300-372. 
 
Hohmann, S. (2009). Control of high osmolarity signalling in the yeast Saccharomyces 
cerevisiae. FEBS Lett 583, 4025-4029. 
 
Huang, H., Kawamata, T., Horie, T., Tsugawa, H., Nakayama, Y., Ohsumi, Y., and 
Fukusaki, E. (2015). Bulk RNA degradation by nitrogen starvation-induced autophagy in 
yeast. EMBO J 34, 154-168. 
 
Huang, S., and O'Shea, E.K. (2005). A systematic high-throughput screen of a yeast 
deletion collection for mutants defective in PHO5 regulation. Genetics 169, 1859-1871. 
 
Hutchins, M.U., Veenhuis, M., and Klionsky, D.J. (1999). Peroxisome degradation in 
Saccharomyces cerevisiae is dependent on machinery of macroautophagy and the Cvt 
pathway. J Cell Sci 112 ( Pt 22), 4079-4087. 
 
Hürlimann, H.C., Stadler-Waibel, M., Werner, T.P., and Freimoser, F.M. (2007). Pho91 
Is a vacuolar phosphate transporter that regulates phosphate and polyphosphate 
metabolism in Saccharomyces cerevisiae. Mol Biol Cell 18, 4438-4445. 
 
 69 
Inoue, H., Nojima, H., and Okayama, H. (1990). High efficiency transformation of 
Escherichia coli with plasmids. Gene 96, 23-28. 
 
Ishihara, N., Hamasaki, M., Yokota, S., Suzuki, K., Kamada, Y., Kihara, A., Yoshimori, 
T., Noda, T., and Ohsumi, Y. (2001). Autophagosome requires specific early Sec 
proteins for its formation and NSF/SNARE for vacuolar fusion. Mol Biol Cell 12, 
3690-3702. 
 
Janke, C., Magiera, M.M., Rathfelder, N., Taxis, C., Reber, S., Maekawa, H., 
Moreno-Borchart, A., Doenges, G., Schwob, E., Schiebel, E., and Knop, M. (2004). A 
versatile toolbox for PCR-based tagging of yeast genes: new fluorescent proteins, more 
markers and promoter substitution cassettes. Yeast 21, 947-962. 
 
Jin, M., He, D., Backues, S.K., Freeberg, M.A., Liu, X., Kim, J.K., and Klionsky, D.J. 
(2014). Transcriptional regulation by Pho23 modulates the frequency of 
autophagosome formation. Curr Biol 24, 1314-1322. 
 
Jones, S., Newman, C., Liu, F., and Segev, N. (2000). The TRAPP complex is a 
nucleotide exchanger for Ypt1 and Ypt31/32. Mol Biol Cell 11, 4403-4411. 
 
Juris, L., Montino, M., Rube, P., Schlotterhose, P., Thumm, M., and Krick, R. (2015). 
PI3P binding by Atg21 organises Atg8 lipidation. EMBO J 34, 955-973. 
 
Kabeya, Y., Kamada, Y., Baba, M., Takikawa, H., Sasaki, M., and Ohsumi, Y. (2005). 
Atg17 functions in cooperation with Atg1 and Atg13 in yeast autophagy. Mol Biol Cell 16, 
2544-2553. 
 
Kabeya, Y., Kawamata, T., Suzuki, K., and Ohsumi, Y. (2007). Cis1/Atg31 is required 
for autophagosome formation in Saccharomyces cerevisiae. Biochem Biophys Res 





Kabeya, Y., Noda, N.N., Fujioka, Y., Suzuki, K., Inagaki, F., and Ohsumi, Y. (2009). 
Characterization of the Atg17-Atg29-Atg31 complex specifically required for 
starvation-induced autophagy in Saccharomyces cerevisiae. Biochem Biophys Res 
Commun 389, 612-615. 
 
Kadosh, D., and Struhl, K. (1997). Repression by Ume6 involves recruitment of a 
complex containing Sin3 corepressor and Rpd3 histone deacetylase to target promoters. 
Cell 89, 365-371. 
 
Kamada, Y., Funakoshi, T., Shintani, T., Nagano, K., Ohsumi, M., and Ohsumi, Y. 
(2000). Tor-mediated induction of autophagy via an Apg1 protein kinase complex. J Cell 
Biol 150, 1507-1513. 
 
Kamada, Y., Yoshino, K., Kondo, C., Kawamata, T., Oshiro, N., Yonezawa, K., and 
Ohsumi, Y. (2010). Tor directly controls the Atg1 kinase complex to regulate autophagy. 
Mol Cell Biol 30, 1049-1058. 
 
Kamber, R.A., Shoemaker, C.J., and Denic, V. (2015). Receptor-Bound Targets of 
Selective Autophagy Use a Scaffold Protein to Activate the Atg1 Kinase. Mol Cell 59, 
372-381. 
 
Kanki, T., Wang, K., Cao, Y., Baba, M., and Klionsky, D.J. (2009). Atg32 is a 
mitochondrial protein that confers selectivity during mitophagy. Dev Cell 17, 98-109. 
 
Kawamata, T., Kamada, Y., Suzuki, K., Kuboshima, N., Akimatsu, H., Ota, S., Ohsumi, 
M., and Ohsumi, Y. (2005). Characterization of a novel autophagy-specific gene, 
ATG29. Biochem Biophys Res Commun 338, 1884-1889. 
 
Kim, J., Kamada, Y., Stromhaug, P.E., Guan, J., Hefner-Gravink, A., Baba, M., Scott, 
S.V., Ohsumi, Y., Dunn, W.A., and Klionsky, D.J. (2001). Cvt9/Gsa9 functions in 




Kim, J., Scott, S.V., Oda, M.N., and Klionsky, D.J. (1997). Transport of a large 
oligomeric protein by the cytoplasm to vacuole protein targeting pathway. J Cell Biol 137, 
609-618. 
 
Kira, S., Tabata, K., Shirahama-Noda, K., Nozoe, A., Yoshimori, T., and Noda, T. (2014). 
Reciprocal conversion of Gtr1 and Gtr2 nucleotide-binding states by Npr2-Npr3 
inactivates TORC1 and induces autophagy. Autophagy 10, 1565-1578. 
 
Kirisako, T., Baba, M., Ishihara, N., Miyazawa, K., Ohsumi, M., Yoshimori, T., Noda, T., 
and Ohsumi, Y. (1999). Formation process of autophagosome is traced with 
Apg8/Aut7p in yeast. J Cell Biol 147, 435-446. 
 
Kraft, C., Deplazes, A., Sohrmann, M., and Peter, M. (2008). Mature ribosomes are 
selectively degraded upon starvation by an autophagy pathway requiring the 
Ubp3p/Bre5p ubiquitin protease. Nat Cell Biol 10, 602-610. 
 
Lamark, T., and Johansen, T. (2012). Aggrephagy: selective disposal of protein 
aggregates by macroautophagy. Int J Cell Biol 2012, 736905. 
 
Lau, W.W., Schneider, K.R., and O'Shea, E.K. (1998). A genetic study of signaling 
processes for repression of PHO5 transcription in Saccharomyces cerevisiae. Genetics 
150, 1349-1359. 
 
Legakis, J.E., Yen, W.L., and Klionsky, D.J. (2007). A cycling protein complex required 
for selective autophagy. Autophagy 3, 422-432. 
 
Li, F., Chung, T., and Vierstra, R.D. (2014). AUTOPHAGY-RELATED11 plays a critical 
role in general autophagy- and senescence-induced mitophagy in Arabidopsis. Plant 
Cell 26, 788-807. 
 
Li, S.C., and Kane, P.M. (2009). The yeast lysosome-like vacuole: endpoint and 
crossroads. Biochim Biophys Acta 1793, 650-663. 
 
 72 
Lin, L., Yang, P., Huang, X., Zhang, H., and Lu, Q. (2013). The scaffold protein EPG-7 
links cargo-receptor complexes with the autophagic assembly machinery. J Cell Biol 
201, 113-129. 
 
Lipatova, Z., Belogortseva, N., Zhang, X.Q., Kim, J., Taussig, D., and Segev, N. (2012). 
Regulation of selective autophagy onset by a Ypt/Rab GTPase module. Proc Natl Acad 
Sci U S A 109, 6981-6986. 
 
Loewith, R., Smith, J.S., Meijer, M., Williams, T.J., Bachman, N., Boeke, J.D., and 
Young, D. (2001). Pho23 is associated with the Rpd3 histone deacetylase and is 
required for its normal function in regulation of gene expression and silencing in 
Saccharomyces cerevisiae. J Biol Chem 276, 24068-24074. 
 
Loh, E., and Hong, W. (2004). The binary interacting network of the conserved 
oligomeric Golgi tethering complex. J Biol Chem 279, 24640-24648. 
 
Lynch-Day, M.A., Bhandari, D., Menon, S., Huang, J., Cai, H., Bartholomew, C.R., 
Brumell, J.H., Ferro-Novick, S., and Klionsky, D.J. (2010). Trs85 directs a Ypt1 GEF, 
TRAPPIII, to the phagophore to promote autophagy. Proc Natl Acad Sci U S A 107, 
7811-7816. 
 
Lynch-Day, M.A., and Klionsky, D.J. (2010). The Cvt pathway as a model for selective 
autophagy. FEBS Lett 584, 1359-1366. 
 
Ma, H., Kunes, S., Schatz, P.J., and Botstein, D. (1987). Plasmid construction by 
homologous recombination in yeast. Gene 58, 201-216. 
 
Mao, K., Chew, L.H., Inoue-Aono, Y., Cheong, H., Nair, U., Popelka, H., Yip, C.K., and 
Klionsky, D.J. (2013). Atg29 phosphorylation regulates coordination of the 
Atg17-Atg31-Atg29 complex with the Atg11 scaffold during autophagy initiation. Proc 




Massey, A., Kiffin, R., and Cuervo, A.M. (2004). Pathophysiology of 
chaperone-mediated autophagy. Int J Biochem Cell Biol 36, 2420-2434. 
 
Mochida, K., Oikawa, Y., Kimura, Y., Kirisako, H., Hirano, H., Ohsumi, Y., and 
Nakatogawa, H. (2015). Receptor-mediated selective autophagy degrades the 
endoplasmic reticulum and the nucleus. Nature 522, 359-362. 
 
Motley, A.M., Nuttall, J.M., and Hettema, E.H. (2012). Pex3-anchored Atg36 tags 
peroxisomes for degradation in Saccharomyces cerevisiae. EMBO J 31, 2852-2868. 
 
Murrow, L., and Debnath, J. (2013). Autophagy as a stress-response and quality-control 
mechanism: implications for cell injury and human disease. Annu Rev Pathol 8, 
105-137. 
 
Nair, U., Cao, Y., Xie, Z., and Klionsky, D.J. (2010). Roles of the lipid-binding motifs of 
Atg18 and Atg21 in the cytoplasm to vacuole targeting pathway and autophagy. J Biol 
Chem 285, 11476-11488. 
 
Nair, U., Jotwani, A., Geng, J., Gammoh, N., Richerson, D., Yen, W.L., Griffith, J., Nag, 
S., Wang, K., Moss, T., Baba, M., McNew, J.A., Jiang, X., Reggiori, F., Melia, T.J., and 
Klionsky, D.J. (2011). SNARE proteins are required for macroautophagy. Cell 146, 
290-302. 
 
Nakatogawa, H., Ichimura, Y., and Ohsumi, Y. (2007). Atg8, a ubiquitin-like protein 
required for autophagosome formation, mediates membrane tethering and hemifusion. 
Cell 130, 165-178. 
 
Neklesa, T.K., and Davis, R.W. (2009). A genome-wide screen for regulators of TORC1 






Nice, D.C., Sato, T.K., Stromhaug, P.E., Emr, S.D., and Klionsky, D.J. (2002). 
Cooperative binding of the cytoplasm to vacuole targeting pathway proteins, Cvt13 and 
Cvt20, to phosphatidylinositol 3-phosphate at the pre-autophagosomal structure is 
required for selective autophagy. J Biol Chem 277, 30198-30207. 
 
Noda, T., and Ohsumi, Y. (1998). Tor, a phosphatidylinositol kinase homologue, 
controls autophagy in yeast. J Biol Chem 273, 3963-3966. 
 
Ogawa, N., DeRisi, J., and Brown, P.O. (2000). New components of a system for 
phosphate accumulation and polyphosphate metabolism in Saccharomyces cerevisiae 
revealed by genomic expression analysis. Mol Biol Cell 11, 4309-4321. 
 
Ogawa, N., Saitoh, H., Miura, K., Magbanua, J.P., Bun-ya, M., Harashima, S., and 
Oshima, Y. (1995). Structure and distribution of specific cis-elements for transcriptional 
regulation of PHO84 in Saccharomyces cerevisiae. Mol Gen Genet 249, 406-416. 
 
Ohsumi, Y. (2014). Historical landmarks of autophagy research. Cell Res 24, 9-23. 
 
Onodera, J., and Ohsumi, Y. (2005). Autophagy is required for maintenance of amino 
acid levels and protein synthesis under nitrogen starvation. J Biol Chem 280, 
31582-31586. 
 
Oshima, Y. (1997). The phosphatase system in Saccharomyces cerevisiae. Genes 
Genet Syst 72, 323-334. 
 
Papinski, D., Schuschnig, M., Reiter, W., Wilhelm, L., Barnes, C.A., Maiolica, A., 
Hansmann, I., Pfaffenwimmer, T., Kijanska, M., Stoffel, I., Lee, S.S., Brezovich, A., Lou, 
J.H., Turk, B.E., Aebersold, R., Ammerer, G., Peter, M., and Kraft, C. (2014). Early 
steps in autophagy depend on direct phosphorylation of Atg9 by the Atg1 kinase. Mol 





Powers, T., and Walter, P. (1999). Regulation of ribosome biogenesis by the 
rapamycin-sensitive TOR-signaling pathway in Saccharomyces cerevisiae. Mol Biol 
Cell 10, 987-1000. 
 
Rabinowitz, J.D., and White, E. (2010). Autophagy and metabolism. Science 330, 
1344-1348. 
 
Reggiori, F., Tucker, K.A., Stromhaug, P.E., and Klionsky, D.J. (2004). The Atg1-Atg13 
complex regulates Atg9 and Atg23 retrieval transport from the pre-autophagosomal 
structure. Dev Cell 6, 79-90. 
 
Reggiori, F., Wang, C.W., Stromhaug, P.E., Shintani, T., and Klionsky, D.J. (2003). 
Vps51 is part of the yeast Vps fifty-three tethering complex essential for retrograde 
traffic from the early endosome and Cvt vesicle completion. J Biol Chem 278, 
5009-5020. 
 
Rose, M., and Botstein, D. (1983). Construction and use of gene fusions to lacZ 
(beta-galactosidase) that are expressed in yeast. Methods Enzymol 101, 167-180. 
 
Rosenfeld, L., Reddi, A.R., Leung, E., Aranda, K., Jensen, L.T., and Culotta, V.C. 
(2010). The effect of phosphate accumulation on metal ion homeostasis in 
Saccharomyces cerevisiae. J Biol Inorg Chem 15, 1051-1062. 
 
Sawa-Makarska, J., Abert, C., Romanov, J., Zens, B., Ibiricu, I., and Martens, S. (2014). 
Cargo binding to Atg19 unmasks additional Atg8 binding sites to mediate 
membrane-cargo apposition during selective autophagy. Nat Cell Biol 16, 425-433. 
 
Scott, S.V., Guan, J., Hutchins, M.U., Kim, J., and Klionsky, D.J. (2001). Cvt19 is a 
receptor for the cytoplasm-to-vacuole targeting pathway. Mol Cell 7, 1131-1141. 
 
Segev, N., Mulholland, J., and Botstein, D. (1988). The yeast GTP-binding YPT1 protein 
and a mammalian counterpart are associated with the secretion machinery. Cell 52, 
915-924. 
 76 
Sethuraman, A., Rao, N.N., and Kornberg, A. (2001). The endopolyphosphatase gene: 
essential in Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 98, 8542-8547. 
 
Shintani, T., Huang, W.P., Stromhaug, P.E., and Klionsky, D.J. (2002). Mechanism of 
cargo selection in the cytoplasm to vacuole targeting pathway. Dev Cell 3, 825-837. 
 
Shintani, T., and Klionsky, D.J. (2004). Cargo proteins facilitate the formation of 
transport vesicles in the cytoplasm to vacuole targeting pathway. J Biol Chem 279, 
29889-29894. 
 
Shintani, T., and Reggiori, F. (2008). Fluorescence microscopy-based assays for 
monitoring yeast Atg protein trafficking. Methods Enzymol 451, 43-56. 
 
Shirahama, K., Yazaki, Y., Sakano, K., Wada, Y., and Ohsumi, Y. (1996). Vacuolar 
function in the phosphate homeostasis of the yeast Saccharomyces cerevisiae. Plant 
Cell Physiol 37, 1090-1093. 
 
Shirahama-Noda, K., Kira, S., Yoshimori, T., and Noda, T. (2013). TRAPPIII is 
responsible for vesicular transport from early endosomes to Golgi, facilitating Atg9 
cycling in autophagy. J Cell Sci 126, 4963-4973. 
 
Sikorski, R.S., and Hieter, P. (1989). A system of shuttle vectors and yeast host strains 
designed for efficient manipulation of DNA in Saccharomyces cerevisiae. Genetics 122, 
19-27. 
 
Strømhaug, P.E., Reggiori, F., Guan, J., Wang, C.W., and Klionsky, D.J. (2004). Atg21 
is a phosphoinositide binding protein required for efficient lipidation and localization of 
Atg8 during uptake of aminopeptidase I by selective autophagy. Mol Biol Cell 15, 
3553-3566. 
 
Sun, L.L., Li, M., Suo, F., Liu, X.M., Shen, E.Z., Yang, B., Dong, M.Q., He, W.Z., and Du, 
L.L. (2013). Global analysis of fission yeast mating genes reveals new autophagy 
factors. PLoS Genet 9, e1003715. 
 77 
Sutter, B.M., Wu, X., Laxman, S., and Tu, B.P. (2013). Methionine inhibits autophagy 
and promotes growth by inducing the SAM-responsive methylation of PP2A. Cell 154, 
403-415. 
 
Suzuki, K., Kirisako, T., Kamada, Y., Mizushima, N., Noda, T., and Ohsumi, Y. (2001). 
The pre-autophagosomal structure organized by concerted functions of APG genes is 
essential for autophagosome formation. EMBO J 20, 5971-5981. 
 
Suzuki, K., Kubota, Y., Sekito, T., and Ohsumi, Y. (2007). Hierarchy of Atg proteins in 
pre-autophagosomal structure organization. Genes Cells 12, 209-218. 
 
Suzuki, S.W., Yamamoto, H., Oikawa, Y., Kondo-Kakuta, C., Kimura, Y., Hirano, H., 
and Ohsumi, Y. (2015). Atg13 HORMA domain recruits Atg9 vesicles during 
autophagosome formation. Proc Natl Acad Sci U S A 112, 3350-3355. 
 
Takeshige, K., Baba, M., Tsuboi, S., Noda, T., and Ohsumi, Y. (1992). Autophagy in 
yeast demonstrated with proteinase-deficient mutants and conditions for its induction. J 
Cell Biol 119, 301-311. 
 
Tamaki, H. (2007). Glucose-stimulated cAMP-protein kinase A pathway in yeast 
Saccharomyces cerevisiae. J Biosci Bioeng 104, 245-250. 
 
Thomas, M.R., and O'Shea, E.K. (2005). An intracellular phosphate buffer filters 
transient fluctuations in extracellular phosphate levels. Proc Natl Acad Sci U S A 102, 
9565-9570. 
 
Toda, T., Cameron, S., Sass, P., and Wigler, M. (1988). SCH9, a gene of 
Saccharomyces cerevisiae that encodes a protein distinct from, but functionally and 
structurally related to, cAMP-dependent protein kinase catalytic subunits. Genes Dev 2, 
517-527. 
 
Tsukada, M., and Ohsumi, Y. (1993). Isolation and characterization of 
autophagy-defective mutants of Saccharomyces cerevisiae. FEBS Lett 333, 169-174. 
 78 
Tucker, K.A., Reggiori, F., Dunn, W.A., and Klionsky, D.J. (2003). Atg23 is essential for 
the cytoplasm to vacuole targeting pathway and efficient autophagy but not pexophagy. 
J Biol Chem 278, 48445-48452. 
 
Urech, K., Dürr, M., Boller, T., Wiemken, A., and Schwencke, J. (1978). Localization of 
polyphosphate in vacuoles of Saccharomyces cerevisiae. Arch Microbiol 116, 275-278. 
 
van der Vaart, A., Griffith, J., and Reggiori, F. (2010). Exit from the Golgi is required for 
the expansion of the autophagosomal phagophore in yeast Saccharomyces cerevisiae. 
Mol Biol Cell 21, 2270-2284. 
 
Wang, C.W., and Klionsky, D.J. (2003). The molecular mechanism of autophagy. Mol 
Med 9, 65-76. 
 
Warner, J.R. (1999). The economics of ribosome biosynthesis in yeast. Trends 
Biochem Sci 24, 437-440. 
 
Wood, H.G., and Clark, J.E. (1988). Biological aspects of inorganic polyphosphates. 
Annu Rev Biochem 57, 235-260. 
 
Wu, X., and Tu, B.P. (2011). Selective regulation of autophagy by the Iml1-Npr2-Npr3 
complex in the absence of nitrogen starvation. Mol Biol Cell 22, 4124-4133. 
 
Xie, Z., Nair, U., and Klionsky, D.J. (2008). Atg8 controls phagophore expansion during 
autophagosome formation. Mol Biol Cell 19, 3290-3298. 
 
Yamamoto, H., Fujioka, Y., Suzuki, S.W., Noshiro, D., Suzuki, H., Kondo-Kakuta, C., 
Kimura, Y., Hirano, H., Ando, T., Noda, N.N., and Ohsumi, Y. (2016). The intrinsically 
disordered protein Atg13 mediates supramolecular assembly of autophagy initiation 





Yamamoto, H., Kakuta, S., Watanabe, T.M., Kitamura, A., Sekito, T., Kondo-Kakuta, C., 
Ichikawa, R., Kinjo, M., and Ohsumi, Y. (2012). Atg9 vesicles are an important 
membrane source during early steps of autophagosome formation. J Cell Biol 198, 
219-233. 
 
Yamamoto, H., Shima, T., Yamaguchi, M., Mochizuki, Y., Hoshida, H., Kakuta, S., 
Kondo-Kakuta, C., Noda, N.N., Inagaki, F., Itoh, T., Akada, R., and Ohsumi, Y. (2015). 
The thermotolerant yeast Kluyveromyces marxianus is a useful organism for structural 
and biochemical studies of autophagy. J Biol Chem 290, 29506-29518. 
 
Yeh, Y.Y., Shah, K.H., and Herman, P.K. (2011). An Atg13 protein-mediated 
self-association of the Atg1 protein kinase is important for the induction of autophagy. J 
Biol Chem 286, 28931-28939. 
 
Yen, W.L., Legakis, J.E., Nair, U., and Klionsky, D.J. (2007). Atg27 is required for 
autophagy-dependent cycling of Atg9. Mol Biol Cell 18, 581-593. 
 
Yen, W.L., Shintani, T., Nair, U., Cao, Y., Richardson, B.C., Li, Z., Hughson, F.M., Baba, 
M., and Klionsky, D.J. (2010). The conserved oligomeric Golgi complex is involved in 
double-membrane vesicle formation during autophagy. J Cell Biol 188, 101-114. 
 
Yorimitsu, T., and Klionsky, D.J. (2005). Atg11 links cargo to the vesicle-forming 
machinery in the cytoplasm to vacuole targeting pathway. Mol Biol Cell 16, 1593-1605. 
 
Yorimitsu, T., Zaman, S., Broach, J.R., and Klionsky, D.J. (2007). Protein kinase A and 
Sch9 cooperatively regulate induction of autophagy in Saccharomyces cerevisiae. Mol 













ãƷƪ ǀ˗ Śű ĆĻ4˔M0ȑ˓5ƑLʲ$H>*ƺ5 ƥŗ1 ùˁL
ˠ-*Ĕé̌Ʒƪ §Ĝ ý¡ ĆĻĔùƷ ȗ̄ Ǉ ĆĻ4ƒ˓5ƑLʲ$H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 ǂ̲EGǌɉ3 ˃˒1 ùˁḺ*̃¸ńƏĳbdmņé̌5Ē½4ƒ˓5
ƑLʲ$H 
 
 ǋż4ǂ̲FɜLú>"/̱Ƅ5ƴ13-/I*ʾ×Ų4ȑ˓5Ƒ
Lʲ$H 
 
